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2Abstract
A series of experiments is reported that examined the perception of the depth structure of 
a visual scene on the basis of binocular disparity and motion parallax information. Initial 
experiments (2.1-2.4) revealed that there are considerable differences in the perception of 
depth in computer simulated surfaces specified by each cue individually. These 
differences were interpreted as indicating a variation in the relative sensitivity of the 
visual system to different components of the geometric transformations generated 
between retinal images within the two domains. Subsequent experiments assessed 
observers' perception of depth, on the basis of disparity and/or parallax information, in 
configurations of point light sources in a dark limited cue environment viewed (z) directly 
(experiments 3.1, 3.2, 3.3 and 5) and (ii) through a head mounted CRT display 
(experiments 4.1-4.3). They showed that in these viewing conditions the visual system 
cannot derive a metric (Euclidean) representation of scene structure but it has access to a 
range of strategies (and consequently representations) that may enable it to complete 
tasks accurately. The strategy used depended upon the range of available information 
sources, an assessment of their reliability and the nature of the experimental task. Two 
final experiments examined the effect of increasing the available depth cues by (/) 
performing a task in an illuminated structured viewing environment and (ii) introducing 
surface texture cues. They showed that biases in depth perception persist in such 
environments and that they cannot be entirely explained by conflicting depth information 
signalled by accommodation (Frisby et al, 1996). It is argued that strong fusion models 
of depth cue interaction best describe the range of interactions found across of the all
experiments. However, there are limitations on the types of strong interaction used by 
the visual system, i.e. no evidence was found for Richards' (1985) proposal that the 
simultaneous presence of disparity and motion information allow the recovery depth 
structure.
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The Derivation of Depth from Binocular Disparity and Motion Parallax 
Information.
1.1 Introduction
When an observer views a 3-d scene their visual percept of the depth, and spatial 
layout, of objects within the scene can potentially be derived from a number of 
different sources of information (e.g. Cutting & Vishton, 1995). These depth cues 
include binocular disparities (the differences in the positions of objects in the two 
retinal images), the angle of convergence of the two eyes, relative motion created by 
observer or object movement (structure from motion), changes in the accommodative 
state of the eyes, and pictorial cues such as perspective, occlusion and changes in 
surface texture density. The information which observers can derive from each of 
these depth cues varies in both its (/) qualitative nature and (ii) precision (see below). 
Consequently, there has been a considerable amount of research examining the 
theoretical and practical limits of individual depth cues and the extent, if at all, to 
which they interact. In particular, a large number of studies have examined the extent 
to which observers can accurately recover the depth structure of a 3-d scene on the 
basis of individual or groups of cues.
The principal aim of the experiments in the current thesis is to examine the limits and 
interaction of binocular disparity and motion parallax information in the perception of 
depth. Both cues have been shown in isolation to evoke a powerful sensation of the
CHAPTER 1
3-d structure of a visual scene (Julesz, 1971; Rogers & Graham, 1979) but despite 
considerable amount of research there is still not a consensus on which components of 
the retinal images are utilised to compute depth from these cues. There is, however, 
considerable interest in comparing the limits of these cues and examining their 
potential interaction because of the similarities in the geometric nature of the 
information which they specify (see section 1.2) and the way in which they are 
processed by the visual system (Graham & Rogers, 1982; Rogers & Graham, 1982; 
1983; Bradshaw & Rogers, 1996).
1.2 The Interaction between Different Sources of Depth Information
There are a number of possible reasons why the visual system makes use of a range of 
different information sources to derive the 3-d structure of a scene. Firstly, Todd 
(1985) pointed out that perceiving the layout of a scene could be of critical 
importance and that fault tolerance within the available information guards against 
failure of a specific information source, or a failure of the assumptions on which its 
derivation is based. Secondly, as noted earlier, different depth cues vary in the 
qualitative nature of the information that they specify about a 3-d scene. For example, 
some cues (e.g. convergence, accommodation and vertical binocular disparities) can, 
in principal, specify the egocentric (absolute) distance from a fixated object to the 
observer (see for example Foley, 1980). In contrast, other depth cues can detail 
information about the exocentric (relative) depth of different objects within a scene, 
either specifying (i) the depth between objects up to a scaling factor (e.g. horizontal 
binocular disparities), (ii) the relative depth between objects but not which is closer
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(e.g. motion parallax information and accommodative blur) or (iii) merely 
distinguishing the depth order of objects (e.g. occlusion). Thirdly, even though a 
particular depth cue, or combination of depth cues, may theoretically specify certain 
information about the depth relationships within a scene, practical considerations may 
affect an observer's ability to utilise it. For example, difficulties registering precisely 
the position of the eyes will impose limits on the precision of distance information 
derived from the angle of vergence (Foley, 1980). Fourthly, Cutting and Vishton 
(1995) have argued that the relative utility of different cues varies with the viewing 
environment. Specifically, they argued that the relative effectiveness of different cues 
varies with the absolute viewing distance. For example, Pentland (1987) has 
demonstrated that accurate estimates of depth and distance can be recovered by 
measuring the amount of blur within an image. However, Mather (1997) noted that 
due to imperfections in the human lens there was a physical limitation on the 
minimum depth difference that could be measured and that this varied as a function of 
distance. Additionally, certain cues are ineffective under specific viewing conditions, 
e.g. in a darkened viewing environment accommodation will tend to be in a resting 
state (Liebowitz & Owens, 1975). For all of these reasons the different sources of 
depth information can be regarded as complementary and an observer’s percept of a 
3-d scene is derived from the interaction of the different cues when they are processed 
by the visual system.
Howard and Rogers (1995) outline five ways in which depth cues might, in principal, 
interact: cue averaging (the explicit combination of two cues by taking the, possibly 
weighted, mean of the depth magnitude specified by each cue), cue dominance (one 
cue suppresses the information of another cue), cue dissociation (each cue is attributed
13
to a distinct object), cue reinterpretation (information from one cue is reinterpreted in 
order to make it compatible with information from another cue) and cue 
disambiguation (one cue provides information which is absent from another cue). 
Several researchers (Dosher, Sperling & Wurst, 1986; Bruno & Cutting; 1988; 
Btilthoff & Mallott, 1988; Nakayama & Shimojo, 1992; Landy, Maloney, Johnston & 
Young, 1995) have proposed possible models of depth cue interaction which 
implicitly, or explicitly, utilise processes equivalent to those outlined by Howard & 
Rogers. Clark & Yuille (1990) argued that depth cue combination models could be 
classified on a continuum between two extreme categories: (/) weak and (ii) strong 
fusion. In models tending towards weak fusion, depth cues are initially processed by 
independent mechanisms, which do not interact, and the output of these modules is 
then combined (generally by cue averaging). In strong fusion models, cues are 
processed simultaneously and provide a set of constraints, which specify the most 
probable interpretation of the depth structure of a scene. When the information 
specified by two, or more cues, is both qualitatively and quantitatively similar each 
type of fusion model tends to make similar predictions, e.g. linear averaging. 
However, strong fusion models may also predict non-linear interactions (e.g. cue 
dominance) for discrepant information. Though, Howard and Rogers (1995) have 
questioned the relevance of modelling situations that do not generally occur in natural 
viewing situations.
Landy et al (1995) criticised the extreme forms of both of these models of depth cue 
combination. They argued that weak fusion models ignored the difference between 
the type of information that the various cues specify. For example, because the nature 
of the information specified by binocular disparities and occlusion is qualitatively
14
different they cannot be merely averaged. They criticised certain strong fusion 
models (e.g. Nakayama & Shimojo, 1992) for putting no constraints upon the 
potential interactions between the different depth cues. As a consequence, they claim 
that such models become arbitrarily complex and impossible to test. As an example 
they noted that Cutting, Bruno, Brady & Moore (1992) have demonstrated that 
Massaro’s (1988) fuzzy logic model of perception would fit even randomly generated 
data. However, it should be noted they do not criticise all strong fusion models 
merely those which do not clearly specify the possible interactions between different 
cues.
Therefore, Landy et al advanced a hybrid model, which they termed modified weak 
fusion. They proposed that there could be only be a limited interaction within the 
early processing of depth cues. Specifically, they hypothesised a process called cue 
promotion in which cues interact but only to access missing, or clarify ambiguous, 
information. In effect promotion includes both the processes of cue reinterpretation 
and cue disambiguation outlined earlier. This promoted information allows each 
depth cue processing module to generate a map of the depths of different points 
within a scene specified in common units. These maps can then be combined by 
averaging the cues weighted according to an assessment of their reliability within the 
current viewing situation. The model also includes the process of cue dominance as it 
is presumed that any cue highly discrepant from the other cues would by weighted to 
indicate its unreliability and so have little, or no effect, upon the final interpretation of 
the perceived depth structure of the scene.
15
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In order to understand the degree to which binocular disparity and motion information 
(alone and in combination with other cues) can specify the depth structure of a 3-d 
scene it is necessary to appreciate the geometric properties of the information 
available from these cues. Therefore, this section outlines the information that can 
theoretically be derived from each of these cues, the potential limitations of this 
information in specifying the depth structure of a scene and the possible sources of 
additional information that might be used to overcome these limitations.
1.3.1 Binocular Vision and the Derivation o f 3-d Structure
When observers look at a 3-d scene binocularly, the physical separation of their two 
eyes means they view the scene from two slightly different vantage points. As a 
consequence, there are variations in the images projected to each retina. Part of the 
visual field will be projected to the images on both retina (the binocular region) and 
part to only one retina (the monocular region). Each point on the binocular region of 
one retina has a corresponding point on the other retina. If part of an image falls on 
the corresponding points on the two retina then it is said to have zero binocular 
disparity and portions of the image which fall at slightly different points on the two 
images are disparate. All points with a zero disparity occupy a location in space on a 
surface referred to as the horopter.
It is possible to derive a theoretical structure for the horopter in the horizontal plane 
of the eyes by making certain assumptions regarding the location of corresponding
1.3 The Geometry of Binocular Vision and Structure from Motion
points on the retina and using the geometric constraints of the viewing environment. 
Firstly, we assume that corresponding points on the retina lie at the same horizontal 
distance from the fovea. Secondly, Vieth (1818 cited in Ogle, 1950) and Muller 
(1826 cited in Ogle, 1950) noted that the angles between any two points on a circle 
and any other two points were always equal. Therefore when considering points 
lying in the same horizontal plane as an observer's eyes, the horopter would 
theoretically fall on a circle (known as the Vieth-Miiller circle) which passes through 
the nodal points of the eyes and the point of fixation. However, Ogle (1950) 
reviewed a number of studies that demonstrated when the horopter was derived 
empirically (from observers' perception of the layout of a visual scene) it departs 
systematically from the Vieth-Miiller circle in a manner dependant upon the viewing 
distance. For example, in one task observers were asked to set the position of a series 
of rods lying symmetrically around a central fixation point to form a fronto-parallel 
plane. Their settings formed a concave arrangement at close viewing distances, a 
fronto-parallel planar surface for a limited range of intermediate distances and a 
convex arrangement at further distances. Ogle (1932, 1950) also argued that the 
geometry of the empirical horopter could be specified using two parameters, FI the 
curvature at the point of fixation and Ro the skew of this curve. Ogle’s work inspired 
considerable interest in providing a formal mathematical model of the geometry of 
visual space (e.g. Luneburg, 1947; Blank, 1953).
Points in space that lie at different points in depth to the horopter create horizontal 
differences between the two retinal images that are referred to as horizontal binocular 
disparities. Horizontal disparities are sufficient, even when presented in isolation, to
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evoke a powerful sensation of the depth structure of an object, or scene (Julesz, 
1971).
Figure 1.1 illustrates the geometrical definition of horizontal binocular disparity, for 
symmetrical convergence, which is expressed in angular terms. The eyes are fixated 
on point F that means they converge such that the image of this point falls on the 
fovea on both retinas. P is a point lying in depth beyond the fixation point. The 
visual angle between P and F in the left image is denote by <t>, and in the right image 
by (|>r. The angular disparity (p) between F and P is equal to (|), - c()r which is equivalent 
to 0F - 0P.
The values of 0F and 0Pcan be derived using basic rules of geometry as follows:
0F = tanf— 1 (1)
. U  D)
0.. ( I N
— = tan
2 2 (D + 5)
(2)
For small angles, the tangent of an angle is approximately equal to the angle in 
radians. Hence, the disparity is equal to:
1 ” D D+S D + S
If, however, the separation between the points is small relative to the viewing distance 
the angular disparity between two points is very closely approximated by:
19
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Figure 1.1 The angles and distances used to define horizontal binocular disparity o f  a point P 
with respect to the fixation point F. The rest o f  the notation is as follows: D is the distance 
from the midpoint o f  the eyes to F, 8 is the distance from F to P, I is the interocular 
separation, 9P is the angle point P subtends with the nodal points o f  the eyes and 0F is the 
angle point F subtends with the nodal points o f  the eyes (after Howard & Rogers, 1995).
Hence, the angular disparity created by two points separated in depth by a fixed 
physical interval is inversely proportional to the square of the distance from the 
observer’s eyes to the point of fixation (see equation 4). Therefore, any fixed 3-d 
shape defined by a series of points in depth will produce a different pattern of angular 
disparities at different viewing distances (see figure 1.2). Conversely, a particular 
pattern of angular disparities on the retina are consistent with a family of shapes at 
different viewing distances, e.g. a shallow triangle close to the observer or a deeper 
triangle further away. So, in order to recover the metric (Euclidean) structure, which 
specifies the absolute magnitude of depth between different points, of a scene it is 
necessary to supplement the information that is provided by binocular disparities. 
One way to recover metric structure, in principal, is to scale binocular disparities by 
an estimate of the egocentric distance to the fixation point. In normal viewing 
situations this information might potentially be derived from a number of sources; for 
example, (i) the vergence angles of the eyes (Foley, 1980), (ii) accommodation 
(Fisher & Ciufredda, 1988), (iii) vertical binocular disparities (Mayhew & Longuett-
Higgins, 1982; Cumming, Johnston & Parker, 1993; Rogers & Bradshaw, 1993), (iv) 
lineai' perspective (O’Leary & Wallach, 1980; Durgin et al, 1995; Norman et al, 
1996) or (v) the angular size of a familiar object (O’Leary & Wallach, 1980; 
Predebon, 1991, 1992, 1993). The extent to which observers can accurately recover 
estimates of relative distance at different absolute distances (depth constancy) on the 
basis of these, and other, cues has been the focus of many of experiments (see section
1.4 for a brief review).
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F igure 1.2. An illustration o f  the different patterns o f  angular disparities created by the same 
triangular figure at two different distances: (a) d, and (b) d2.
A further possibility for accurately recovering the depth structure of a scene is that 
disparities could be calibrated, or constrained, by a source of information other than 
the absolute distance. For example, Richards (1985) has demonstrated that in 
principal motion information (see section 1.3) might be used to constrain the possible 
interpretations of binocular disparity information. A suggestion that is tested 
empirically within the thesis (see chapters 3, 4 and 5) and is discussed more Lilly 
below (see section 1.5).
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When an observer translates with respect to the objects within a 3-d scene, or an 
object translates with respect to the observer and other objects within the scene, a 
sequence of images are projected to each retina. The images projected from different 
points in depth within the scene move at different rates across the retina and form a 
pattern of relative angular velocities referred to as motion parallax (see Helmholtz, 
1909 for an early account). Motion parallax has been demonstrated to be sufficient, 
even presented in isolation from other cues, to evoke a strong impression of depth 
structure (Rogers & Graham, 1979).
The geometry of the relative angular velocity between the successive retinal images of 
distinct objects can be derived in a similar manner to angular disparity (see Graham et 
al, 1948). If we assume the two retinal images in figure 1.1 mark the end points of 
the translation of a single eye over time (/) and the angle of rotation is small (so 0F « 
tan(0F)) :
(5)
D
1.3.2 M otion Parallax and the Derivation o f  3-d Structure
(6)
Differentiating and rearranging gives:
As d(0F) is equivalent to 0F - 0p then:
o , - e P ^ -§ -  ™
Therefore, the difference in angular velocity (co) is:
0,-0, . . - I S  (8)zn ft!--------- «  — v J
t D t
Consequently, the velocity of the relative angular motion between the objects’ retinal 
images is inversely proportional to the square of their absolute distance from the
observer (see equation 8). Hence, the geometrical relationships between the relative 
angular motion of images on a single retina generated by motion parallax is similar to 
the disparities generated between two retinal images when viewing a scene 
binocularly (Graham & Rogers, 1982). This is illustrated in figure 1.3a which shows 
that if a single eye moves through the interocular distance the first and last frame of 
the motion sequence are identical to the simultaneous images present, on both eyes, 
when binocularly viewing the same object (see figure 1.1). There are, however, 
important differences between the phenomena. Motion parallax is a (/') monocular cue 
and (ii) it generates a continuous sequence of image frames over time, whereas static 
disparity is an inherently two-frame phenomenon. Richards (1985) argued that for the 
later reason binocular disparity information is in principal less determinate of 3-d 
structure than motion information. Different points on a rigid translating surface 
slanted in depth relative to the fronto-parallel plane of the observer generate relative 
motion in proportion to their difference in depth and the change in slant of the surface. 
The change in slant can in principal be derived from perspective changes in the 
vertical height and horizontal width or the acceleration component of the flow field. 
The latter can be derived from the instantaneous angular velocities of points on the 
surface, which are available in a continuous series of views of a translating surface but 
not from two discrete views (i.e. stereo viewing or two-frame motion). For a surface 
of known slant the ratio of the relative motion of points to their angular size will 
specify the depth to size ratio of the points and hence the surface structure. Richards 
noted that most algorithms for deriving structure from motion were reliant upon the 
acceleration component of the flow field. However, although motion is theoretically 
more determinate of 3-d structure Rogers & Collett (1988) reported empirical
22
evidence that for surfaces specified by disparity and parallax the primary determinant 
of perceived shape was the disparity information (see section 1.3.3).
1C—
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Figure 1.3 The final view s o f  a motion sequence for; (a) motion parallax w hen a single eye, 
fixating point F, m oves through the interocular distance from time TI to T2 and (b) an object 
rotates around point R. The images on the retina for the first and last frames o f  the motion  
sequence are identical to those present when view ing the image binocularly (see figure 1.1).
The determination of the 3-d structure of an object from a motion sequence is referred 
to as structure from motion (SFM). This term refers to both motion parallax and 
object rotation. The latter case is often referred to as the kinetic depth effect (KDE: 
Wallach & O’Connell, 1953). Figure 1.3b illustrates that two views from a KDE 
sequence can also be equivalent to the two views available to binocular disparity (see 
figure 1.1) and that the two SFM cases are almost identical for small rotations (Durgin 
et al, 1995). Under isolated SFM conditions, Ullman (1979) has proved that three 
frames provide sufficient information to recover 3-d shape up to an isotropic size 
scaling. That is relative motion, alone, can specify the depth-to-width ratio of a shape 
but not its veridical size, e.g. it can determine that a triangular shape is equilateral but 
not whether it is small, and close to the observer, or large, and further away from the 
observer.
In  the  experim ents w ith in  this thesis, head movements are used  to generate the retinal
motion. This situation differs in principle from the case of SFM discussed by Ullman 
because the angle of rotation of the line of sight (which is equivalent to vergence 
angle in the case of binocular disparity) between the observer and the object is given 
by the visual angle subtended by the rotation. Therefore, just as vergence angle can 
be used to scale the pattern of horizontal disparities to recover full Euclidean 
structure, this rotation angle (if computed) can be used to scale the retinal motions to 
recover the same type of information. However the degree to which this is possible is 
questionable 011 both theoretical and practical grounds. First, there is an intrinsic 
ambiguity about whether retinal motion should be attributed to head or object 
rotation, and second the recovery of ego-motion may be impossible in the face of the 
large number of degrees of freedom involved. Moreover, the same information is 
available to stereopsis but empirical information suggests that the visual system does 
not make efficient use of it (see section 1.4). The same may be true in the case of 
motion parallax particularly when head movements are small (Braunstein et al, 1993; 
Durgin et al, 1995).
1.3.3 Binocular Disparity and Motion Parallax Compared
The principles underlying motion parallax have been understood for many years 
(Helmholtz, 1909) but the results of empirical studies into its effectiveness in isolation 
were often equivocal (e.g. Epstein & Park, 1964; Gogel, 1977). However, Rogers and 
Graham (1979) noted that within most of the earlier studies observers remained 
stationary whilst the stimuli translated. As a consequence, they examined the 
perception of relative depth for simulated surfaces in which the only depth
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information present was from the motion of points relative to the translation of the 
observer’s head. The movement of the dots within a random pattern were linked to 
the horizontal motion of the observer’s head and simulated the movement of points on 
a three dimensional surface. They found that their observers experienced a vivid 
percept of a solid three-dimensional structure that was qualitatively similar to that 
produced when viewing random dot stereograms (which present disparity information 
in isolation from other depth cues). A number of subsequent studies have examined 
further the relationship between binocular disparity and motion parallax by comparing 
the detection and processing of the two information sources (e.g. Rogers & Graham, 
1982, 1983; Graham & Rogers, 1982; Bradshaw & Rogers, 1996).
Rogers and Graham. (1982) examined observers’ depth detection thresholds for 
horizontally orientated sinusoidal corrugations specified by either motion parallax or 
binocular disparity information. They found their results were qualitatively similar 
for both of the information sources across the range of spatial frequencies tested 
(0.05-1.6 c/deg). Observers’ thresholds varied as a function of the spatial frequency 
of the surface with the lowest thresholds lying somewhere between 0.3 and 0.5 c/deg 
with increasing thresholds at both higher and lower spatial frequencies. Rogers and 
Graham interpreted these results as indicating a close relationship between the 
processing of the two information sources. Their claim is further supported by the 
empirical evidence for the existence of multiple channels tuned to the spatial 
frequency of depth modulations defined by disparity (Schumer & Ganz, 1979; Cobo- 
Lewis & Yeh, 1994) and motion parallax (Hogervorst, Bradshaw & Eagle, 1999). 
Graham & Rogers (1982) found further similarities in the two information sources 
from an examination of simultaneous and successive contrast effects. They reported
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that after a prolonged exposure to a sinusoidal depth corrugation, specified by either 
of the cues, a flat surface appeared to be a corrugated surface of the opposite phase to 
the adapting stimuli (successive contrast effects). In a second experiment they found 
a vertical surface appeared to slope in the opposite direction to the slope of its 
surround (simultaneous contrast effects). Again, the results were qualitatively similar 
for both information sources. Graham and Rogers argued that the successive contrast 
effects indicated that the visual system was sensitive to local contours and gradients 
of disparity and motion (see also Gillam, Flagg & Finlay, 1984; Gillam, Chambers & 
Lawergen, 1988). They further argued that the simultaneous contrast effects 
suggested that both cues demonstrate inhibitory interactions over space.
Bradshaw and Rogers (1996) reported evidence that binocular disparity and motion 
parallax interact in the computation of relative depth. In their first experiment they 
found observers were less sensitive to depth within surfaces defined by either cue 
after adapting to a supra-threshold surface defined by the same or a different cue. 
Furthermore, in a second experiment they found that the detection thresholds for 
surfaces defined by both cues were lower than for those specified by either cue in 
isolation. The improvement in thresholds they found was higher than would be 
expected from a linear additive model and so was consistent with a strong fusion 
model of cue combination. They argued that the most parsimonious interpretation of 
the data was the existence of a pool of neurones sensitive to both sources of 
information.
Despite considerable similarities in the processing of disparity and parallax 
information there is evidence that subtle differences in the information the visual 
system derives from the two cues might exist. Rogers and Collett (1989) investigated
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the appearance of surfaces specified by both disparity and parallax information. 
Specifically, they examined the perception of surfaces in which the two cues specified 
discrepant amounts of depth. They found that the depth was largely determined by 
disparity information but that the surface was perceived to rotate in depth around a 
vertical axis (for parallax generated from horizontal head movements). They argued 
that this was a result of the visual system selecting an interpretation of the information 
that minimised the discrepancy between the two cues. Consequently, they suggested 
that motion parallax should be considered as a source of information about the 
structure and movement of objects not just their apparent depth.
However, all of these studies concentrated upon surfaces curved, or slanted, around 
horizontal axes. Rogers and Graham (1983) reported an anisotropy in the perception 
of 3-d surfaces curved, or slanted, around horizontally and vertically orientated axes 
defined by either binocular disparity or motion parallax information (see chapter 2 for 
a detailed description). Consequently, one of the aims of the experiments in chapter 2 
is to compare the perception of disparity and parallax defined surfaces at a range of 
orientations.
The studies discussed within this section have reported empirical evidence for 
interaction of motion parallax and disparity information. However, they have not 
directly addressed the extent to which these cues support a veridical perception of 
depth when presented either alone or in combination. This question is addressed 
empirically by a number of the experiments within this thesis and is discussed in more 
detail below.
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1.4 The Structure of Visual Space on the Basis of Binocular Disparity and 
Motion Information
The 3-d structure of a physical scene viewed by an observer can be accurately 
specified using Euclidean geometry. However, the underlying nature of the 
representation of physical space formed by an observer (assuming it exists) is less 
clearly understood. A large number of psychophysical studies have attempted to 
quantify and specify the properties of visual space. Many studies have focused on the 
degree to which observers can derive, and access, a veridical representation of the 
different metric properties of 3-d physical space on the basis of static binocular 
viewing. Gibson (1979) has criticised the approach of studying static binocular 
viewing as being unrepresentative of normal dynamic viewing. However, Loomis et 
al (1992) argued that it was valid for two reasons. Firstly, many visually guided 
actions are performed on the basis of a static, or nearly static, view of a scene. 
Secondly, these studies can give an insight into the underlying mechanisms of 
binocular vision, which can form the basis of models of both static and dynamic 
viewing.
Norman et al (1996) argued there were two ways in which visual perception could 
meaningfully be described as Euclidean. Firstly, observers’ underlying representation 
of visual space (the intrinsic structure) could perfectly preserve all of the spatial 
relationships present in physical space. Secondly, the mapping between visual and 
physical space (the extrinsic structure) could relate all of the spatial relationships 
between the two without any resulting distortion. They note that if a line is rotated, or 
translated, in Euclidean space that its length will remain invariant. So, it is possible to
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assess if the extrinsic structure of visual space is Euclidean by testing observers’ 
ability to correctly match the length of a line at a specific orientation and absolute 
distance to that of a line at either a different orientation, a different distance or both 
(Norman & Todd, 1993; Norman et al, 1996). Although some studies have attempted 
to assess the intrinsic structure of visual space without making reference to the 
external environment (Blank, 1960; Foley, 1972; Norman el al, 1996) most 
experiments, including those within the current thesis, have concentrated on the 
extrinsic structure.
A large number of studies have assessed observers’ perception of size (the width, or 
height, of a stimulus in the fronto-parallel plane) and depth (intervals lying in depth 
along the observers’ line of sight). These experiments have generally involved 
matching the length of a probe stimulus at one distance to that of a test interval at 
several different absolute distances to assess the degree of constancy in observers’ 
perceptual judgements. Most researchers have reported that observers’ perception of 
the frontal size of a stimulus is fairly accurate but tends to increase slightly with 
absolute distance for isolated binocular viewing conditions (Gogel, 1960; Norman et 
al, 1996), binocular viewed well illuminated multi-cue environments (Holway & 
Boring, 1941; Carlson, 1962; Baird Sc Biersdorf, 1967; Wagner, 1985; Norman et al, 
1996) and on the basis of SFM information (Norman et al, 1996). In contrast, many 
investigators have found that depth intervals, of fixed magnitude, appear to become 
increasingly compressed as their absolute distance increases in isolated binocular 
viewing conditions (Gogel, 1960; Norman et al, 1996), binocularly viewed well lit 
multi-cue environments (Gilinslcy, 1951; Wagner, 1985; Toye, 1986; Loomis et al, 
1992; Norman et al, 1996) and on the basis of SFM information (Todd Sc Bressan,
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1990; Norman et al, 1996). Similar mis-estimates of depth have been found using a 
shape judgement task for both disparity (Johnston, 1991; Tittle et al, 1995; 
Glennerster et al, 1996) and SFM specified shapes (Durgin et al, 1995, Tittle et al,
1995).
Attempts to explain these finding have generally focused on the scaling of binocular 
disparity, or relative motion information, as it has been demonstrated that human 
observers are highly sensitive when detecting binocular disparity (Howard, 1919) and 
motion parallax (Graham et al, 1948) information. Go gel (1960) modelled the 
differences between the perception of size and depth intervals by suggesting that 
binocular disparity was scaled by the perceived physical width of the fixated object 
divided by the visual angle it subtends at the retina. However, Gogel fails to suggest 
how in isolated viewing conditions the perceived size of an object can be derived 
without an estimate of absolute distance and, if this is available, why it would not be 
used to scale disparities directly.
Foley (1980) reviewed evidence from a range of studies assessing observers’ 
perception of relative depth at a range of viewing distances within isolated binocular 
viewing conditions. He argued that the most parsimonious interpretation of all of 
these results was that errors in the perception of relative depth resulted from the 
calibration of binocular disparities by a mis-estimation of absolute distance. He 
attributed the error in the estimation of distance to a mis-registration of the vergence 
angle of the eyes. Following Foley, a number of recent studies have argued that the 
mis-estimation of absolute distance, or motion scaling parameters, explain the failure 
of constancy in stereoscopic and motion defined shape judgement (Johnston, 1991;
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Durgin et al, 1995; Tittle et al, 1995; Glennerster et al, 1996) and depth assessment 
tasks (Loomis et al, 1992; Norman et al, 1996).
All of these experiments, and those reviewed by Foley (1980), directly assessed 
observers’ perception of depth at different distances by asking observers to set the 
relative depth of points according to either an internal or external standard, i.e. setting 
points to be co-planar with a fixed reference (Foley, 1980) or setting the depth of a 
cylinder such that it was circular in cross section (Johnston, 1991; Glennerster et al, 
1996). Observers' estimates of the viewing distance were then inferred from these 
relative settings. However, studies using other experimental techniques for estimating 
distance and depth have found considerable variations in observers' accuracy. For 
example, when using direct scaling methods (e.g. magnitude estimation and verbal 
reports) observers produce more accurate, though frequently still systematically 
biased, estimates of absolute distance (Baird & Biersdorf, 1967; Da Silva, 1985 
Sedgwick, 1986). Da Silva (1985) examined three techniques for estimating distance. 
He found that observers' estimates varied systematically with the viewing distance 
and were well described by a power function. However, the exponent of the power 
function was closer to one for the magnitude estimation technique than for the other 
methods. The interpretation of the results of studies using verbal reports of distance 
have been criticised on the grounds that observers may be aware that depth intervals 
appear increasingly compressed with distance and so make cognitive adjustments to 
their estimates (Gogel, 1974). Additionally, Loomis et al (1992) presented evidence 
that observers can accurately perform visually guided actions that require a veridical 
estimate of egocentric distance and relative depth on the basis of binocular disparity 
information. Observers performed three action tasks with their eyes closed after
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statically viewing a target in an open field; (z) walking to a target between 4 and 12 
metres away with their eyes closed, (ii) walking to target as for (z) then walking to a 
second point either straight ahead or perpendicular to the original and (iii) walking 
along one of three straight lines whilst continuously pointing their arm in the direction 
of a fixed target at the side. Performance within all of these tasks was extremely 
accurate with no systematic biases. However, when observers were required to 
perform a perceptual judgement (matching the length of a fronto-parallel interval to 
an interval in depth at several different absolute distances) within the same viewing 
environment their results indicated a compression of perceived depth, which was 
proportional to the absolute distance. Loomis et al outlined two possible explanations 
for their results. Firstly, observers could be correcting for the distortion in perceptual 
space. As we constantly move around the world we may unconsciously (or 
consciously) learn to compensate for perceptual distortions in order to perform actions 
efficiently. Secondly, it has been hypothesised that the control of the motor system 
and perception of visual space are performed by partially, or wholly, distinct 
processing systems (Goodale & Milner, 1992). Consequently, the motor system may 
have access to a more veridical representation.
The experimental tasks used within this thesis employ perceptual judgements of 
relative depth, shape and intersection angle at different absolute distances. Many 
previous studies have shown that observers demonstrate systematic biases within 
these types of tasks (e.g. Todd & Bressan, 1990; Johnston, 1991; Collett et al, 1991; 
Todd & Norman, 1991; Liter et al, 1994; Todd et al, 1995; Tittle et al, 1995; Rogers 
& Bradshaw, 1993, 1995a; Bradshaw et al, 1996, 1997; Glennerster et al, 1996; 
Norman et al, 1996). There are, however, considerable variations in the degree of
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constancy demonstrated between these experiments. For example, Johnston (1991) 
found an almost complete failure of constancy and Glennerster et al (1996), using the 
same task, found that although observers departed systematically from a veridical 
percept they did appear to take viewing distance into account. However, Johnston’s 
experiments took place in a dark viewing environment whereas Glennerster et al 
performed their experiment in a dimly illuminated room with a textured surface in 
front of their monitors. The variation in constancy between different experiments has 
led several recent authors (Loomis et al, 1992, Durgin et al, 1995, Glennerster et al, 
1996, Frisby et al, 1996) to question the generality of the conclusion that observers 
have difficulty recovering an Euclidean representation of visual space. They have 
claimed that constancy is effected by the range of depth cues available within the 
viewing conditions (Durgin et al, 1995, Frisby et al, 1996), the nature of the 
experimental task (Glennerster et al, 1996), and artefacts of computer generated 
stimuli (Frisby et al, 1996). The impact of all of these factors upon observers' 
assessment of depth is further examined within the experiments in the current thesis.
1.4.1 Mathematical models of visual space
There have been many attempts to provide a mathematical model of visual space. For 
example, Gibson (1950) claimed visual space was Euclidean, Angell (1974) suggested 
it was spherical, Luneburg (1947) and Blank (1953) suggested that it was hyperbolic 
and that it can be described by a Reimanian geometry of constant Gaussian curvature, 
Indow (1991) argued that the horizontal plane containing the eyes had a Reimanian 
geometry of non-zero curvature and fronto-parallel planes are structured according to
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Euclidean geometry, and Wagner (1985) and Norman et al (1995) that it is an affine- 
transformed Euclidean space. Wagner argued that the different models were not 
necessarily contradictory and merely represented the operation of the visual system 
under different environmental conditions. Consequently, visual space may 
necessarily have to be described by a range of different geometric models. It also 
remains possible that the nature of the representation available reflects both the 
available information and the demands of the task. For example, the survival of an 
organism may depend on precision in the performance of actions, which themselves 
require an accurate Euclidean judgement. In contrast, certain distortions in the 
perceptual system may either be unimportant for survival, or even advantageous if 
they highlight features of significance. There is, however, no currently generally 
accepted mathematical model of the geometry of visual space.
1.5 Combining Binocular Disparity and Motion Information to Retrieve 3-d 
Scene Structure
1.5.1 A Theoretical Model of Disparity -Motion Combination
Richards (1985) demonstrated that the presence of both disparity and motion could be 
exploited to recover veridical information about surface shape without recourse to 
additional sources of information (e.g. perspective). This suggestion takes advantage 
of the fact that although each depth cue is affected by distance, each is affected in a 
different way. Richards considered small-field stimuli, where orthographic projection 
is a good approximation to perspective projection, and took the case of SFM, where
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the object rotates relative to a stationary observer. As outlined earlier (see section 
1.3.2), a sequence of relative retinal motion information can specify that an object 
belongs to a family of shapes with a known width-to-depth ratio. Similarly (see 
section 1.3.1), for the case of stereopsis, the pattern of horizontal disparities is 
consistent with a family of shapes, parameterised by the viewing distance. However, 
the visual angle of the width of each of the shapes is inversely proportional to the 
viewing distance and not, as for disparities, the square of the viewing distance. 
Consequently, the width-to-depth ratio of each the potential shapes specified in 
binocular viewing decreases with the absolute distance. Therefore, when considered 
together, these two sources of information provide an intersection of constraints with 
only one member of the disparity-defined family of shapes that is consistent with the 
shape specified by the motion information. So, both cues in combination can 
theoretically specify both the shape and size of the viewed object.
These theoretical considerations have implications for when depth information from 
motion and disparity are brought together. There are several possibilities. First, in 
binocular SFM conditions, shape estimates could be computed entirely from motion 
cues (given at least three views), although size estimation would still require 
determination either via the intersection of constraints with the disparity information 
or through the incorporation of additional information. Second, if only two time- 
separated views are utilised, perceived shape and size should be strongly related (even 
if incorrect) as both are given by the intersection of constraints from the two depth 
cues. This is an example of cue promotion suggested by Landy et al (1995) (see 
section 1.2). Finally, if vergence angle (or its equivalent) is used to scale disparities 
or retinal motions in the relevant experimental conditions then there is potentially
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little need for any interaction to occur between the two systems as Euclidean structure 
could be computed from either cue alone.
1.5.2 Empirical Evidence of Disparity - Motion Combination
Johnston, Cumming and Landy (1994) assessed Richards’ computational theory 
empirically and found evidence in support. In their critical experiment (experiment 3) 
they showed that neither a 2-frame motion sequence nor binocular disparity (2-frame) 
could support the recovery of veridical shape in an apparently circular cylinder task 
-— so called because subjects were required to select from a sequence of hemi- 
cylinders, which differed in elongation along the depth axis, the one with an 
apparently circular profile. However when both the cues were presented together, in a 
2-frame sequence, the perceived shape was close to veridical. This case of strong 
fusion is consistent with Richards’ theory because in this situation there are two one- 
parameter families of shapes provided by the two (time-separated) binocular views 
that again have a single, Euclidean ‘intersection of constraints’. Thus, even when 
SFM cues are insufficient to support the recovery of shape information accurately, the 
combination of disparity and motion can lead to the recovery of the correct shape 
(Johnston et al, did not investigate the perception of size). Therefore, despite the 
findings that suggest that motion alone rarely determines shape correctly (Liter et al, 
1993; and Norman and Todd, 1993) some benefit may still accrue through the 
combination of disparity and motion. Tittle et al, (1995), however, in a series of 
experiments did not find any apparent advantage when disparity and motion cues 
were presented simultaneously. Rather, they found that the combined-cue condition
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seemed susceptible to the same distortions as the disparity-alone condition across a 
range of viewing conditions and tasks. Similarly, Brenner and van Damme (1997) 
concluded that the visual system operated in a modular way when they investigated 
whether it could recover metric structure and viewing distance through the 
combination of disparity, motion and other cues. This issue is investigated within the 
current thesis in the experiments within chapters 3-5.
1.6 Outline of the Thesis
Binocular disparity and motion parallax have both been demonstrated to be highly 
effective cues to the 3-d structure of a visual scene (Julesz, 1971; Rogers & Graham, 
1979). There are similarities in the geometric nature of the information that the two 
cues specify (see section 1.3) and the way in which they are processed by the visual 
system (Graham & Rogers, 1982; Rogers & Graham, 1982; 1983; Bradshaw & 
Rogers, 1996). However, studies have also shown subtle differences in the way that 
the visual system employs the information specified by each of these cues (e.g. 
Rogers & Collett, 1989). As discussed in sections 1.4 and 1.5, many studies have 
examined the degree to which these cues can alone, or in combination, accurately 
specify the depth structure of a scene but there are considerable variations in their 
findings (e.g. Todd & Bressan, 1990; Johnston, 1991; Collett et al, 1991; Todd & 
Norman, 1991; Rogers & Bradshaw, 1993, 1995a; Liter et al, 1994; Todd et al, 1995; 
Tittle et al, 1995; Glennerster et al, 1996; Bradshaw et al, 1996, 1997; Norman et al,
1996). The precise reasons for, and significance of, the variations between these 
studies remains, however, an open question. The aim of the current thesis is to
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The experiments in chapter 2 address further the similarities and differences in the 
derivation of depth structure on the basis of binocular disparity and motion parallax 
information (see section 1.3.3). A considerable number of studies have examined 
which information sources are used by the visual system as stereoscopic primitives 
(e.g. Gillam et al, 1984, 1988; Mitchison & McKee, 1990; Gillam & Ryan, 1992; 
Cagenello & Rogers, 1993; Bradshaw et al, 1999). However, there is little work 
comparing the fundamental information sources used to derive depth structure from 
disparity and parallax. Previous studies (e.g. Rogers & Graham, 1982; Rogers & 
Graham, 1983) have examined the perception of depth across limited range for 
surfaces types, i.e. surfaces with horizontally and vertically orientated depth 
discontinuities, in which the geometric information relating the transformations 
between the images varied. This manipulation allows a quantitative comparison of 
the relative benefits that each of the two cues gain from the information available 
within these different geometric transformations. The experiments in chapter 2 
extend this work by examining the perception of depth in surfaces specified by both 
cues across a range of orientations between horizontal and vertical. This 
manipulation allows a greater range of comparisons in the derivation of depth on the 
basis of each cue. As a consequence they reveal insights into the similarity and 
differences in the various information sources to which each cue is sensitive.
The subsequent chapters examine the geometric structure of the representations within 
visual space that can be specified by disparity and parallax information. They look at 
the degree to which an Euclidean metric representation can be derived on the basis of 
these cues alone or in combination. Additionally, they assess a range of potential
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exam ine a num ber o f  these issues further.
strategies that the visual system might use to supplement disparity and parallax 
information without having to obtain a full metric representation (see chapter 3, 4 and
5). Specifically, they examine whether the nature of the experimental task might 
influence performance for both cues (Glennerster et al, 1996), Ullman's (1979) 
theorem for the derivation of shape from motion information and Richards' (1985) 
proposal for the combination of disparity and motion information. These suggestions 
are assessed by comparing performance on a range of tasks that theoretically vary in 
the geometric information required to complete them. Variations in accuracy across 
these tasks allow an assessment of the potential strategies used to complete them and 
hence the nature of the representations that are available to the visual system on the 
basis of these cues. The results of these experiments are partially discussed in relation 
to the differences in observers' accuracy found between previous studies (see section 
1.4).
The studies also examine the effect of the viewing environment upon the accuracy of 
observers' performance across a range of experimental tasks (see chapters 3, 4, 5 and
6). Firstly, they examine the use of real stimuli rather than computer generated 
stimuli (see chapters 3 to 6). This enables an assessment of the plausibility of Frisby 
et als' (1996) suggestion that the departures from depth constancy are caused by 
conflicting accommodation cues within computer generated stimuli. Secondly, they 
examine the effect of increasing the range of available cues upon observers' 
performance (see chapter 6) and assess the specific effects of different sources of 
additional information, i.e. perspective and surface texture information. Thirdly, the 
effect of using a remote tele-viewing system (see chapter 4) is assessed across a range 
of tasks to see whether changes in the viewing environment differentially effects the
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strategies employed by the visual system to derive depth, i.e. does it still rely to the 
same degree on the cues utilised within direct viewing. This question has important 
implications for the transfer of research findings within one viewing environment 
(e.g. real world viewing) to another (e.g. telepresence viewing). The implication of 
all of these experiments for models of depth cue integration is discussed.
Finally, numerous studies outlined earlier have examined the scaling of size and depth 
(e.g. Gogel, 1960; Baird & Biersdorf, 1967; Norman et al, 1996) but there has been 
little work directly examining whether these two factors are scaled by the same 
estimate of distance (see however, Brenner and van Damme, 1997). This question is 
assessed within chapter 5 for both disparity and parallax viewing conditions. In the 
parallax domain, this is of interest because it provides a way of further assessing 
whether parallax information is scaled by the derivation of scaling parameters or 
exclusively by Ullman's scheme. As noted in section 1.5, the later enables shape to be 
derived but not size. So, if this scheme were used in isolation a greater variation in 
size settings on the basis of motion information alone would be expected than on the 
basis of disparity information.
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The Effect of Surface Orientation on the Perception on Corrugated Surfaces 
Specified by Binocular Disparity or Motion Parallax Information.
2.1 Introduction
The perception of depth in disparity-defined surfaces which slope or curve about a 
horizontal axis has been shown to differ from that for corresponding surfaces which 
slope or curve about a vertical axis (e.g. Rogers & Graham, 1983). In general, for 
surfaces orientated around a horizontal axis observers have lower detection thresholds 
(Rogers & Cagenello, 1989; Mitchison & McKee, 1990; Cagenello & Rogers, 1990, 
1993; Bradshaw & Rogers, 1999), perceive more apparent depth in supra-threshold 
stimuli (Rogers & Graham, 1983; Buckley & Frisby, 1992; Gillam & Rogers, 1991) 
and have shorter latencies to perceive depth (Gillam, Finlay & Flagg, 1984; Gillam, 
Chambers & Russo, 1988; van Ee & Erkelens, 1996,#Bradshaw, Hibbard & Gillam, 
1999; Hibbard & Bradshaw, 1999). Furthermore, Rogers and Graham (1983) 
demonstrated that a similar anisotropy also exists for surfaces defined by motion 
parallax information. However, subsequent studies have concentrated on examining 
the phenomenon within the disparity domain. Although the results of these studies 
have allowed a greater insight into the mechanisms that might underlie the 
stereoscopic anisotropy there is still no complete explanation of the phenomenon. 
This may, in part, reflect an insufficient understanding of the circumstances under 
which the phenomenon occurs, e.g. nearly all studies have concentrated upon surfaces 
sloped around horizontal and vertical axes (see however, Bradshaw et al, 1999). As a
CHAPTER 2
consequence the purpose of the following experiments was to examine empirically a 
number of aspects of the anisotropy, which have not been addressed by the previous 
studies. Specifically, the experiments investigated the perception of (i) binocular 
disparity and (ii) motion parallax defined corrugated surfaces curved around axes 
orientated at a regular series of oblique angles from horizontal to vertical for both 
threshold and supra-threshold tasks.
2.1.1 Previous Studies of the Depth Anisotropy
Rogers and Graham (1983) discovered that the depth anisotropy occurred for both 
disparity and parallax defined surfaces whilst examining the depth equivalent of the 
Craik-O'Brien-Cornsweet illusion. This illusion, reported by Antis, Howard & 
Rogers (1978), occurs when two equi-distant planar regions of gradually changing 
depth are separated by a sharp depth discontinuity (see figure 2 .1) and as a 
consequence observers perceive one of the planar regions to be closer than the other. 
However, Rogers and Graham found that for surfaces specified by binocular 
disparities, or motion parallax generated from horizontal movement, the illusion only 
occurred when the depth discontinuity was orientated vertically (see figure 2.1a). In 
surfaces with a horizontally orientated depth discontinuity the flanking regions
I
appeared equi-distant. They further found that if the surface was specified by parallax 
generated from vertical movements the effect was reversed, i.e. the illusion occurred 
for a horizontally not vertically orientated depth discontinuity. As a consequence 
they argued that the anisotropy was a result of the geometric properties generated by 
the transformations between the retinal images rather than the retinal orientation of 
the images per se. The magnitudes of the disparities, or relative motion, of individual
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points within the horizontally and vertically orientated stimuli were the same and so 
cannot account for the differences in perception of the two surface types. Therefore, 
one implication of these results was to support the suggestion that the derivation of 
depth in these surfaces is dependant upon higher order and configurational aspects of 
the disparity, or motion, information (Wallach & Bacon, 1976; Wallach & Lindauer, 
1976; Gillam et al, 1984, 1988; Gillam & Ryan, 1991; Cagenello & Rogers, 1993; 
van Ee & Erkelens, 1996; Bradshaw et al, 1999).
43
F igure 2.1. Perspective illustrations o f  the surfaces used by Rogers and Graham (1983). 
Consider surfaces specified by binocular disparities or motion parallax created by horizontal 
motion. For surface (a) observers w ill perceive point (ii) to be closer than point (i) and for 
surface (b) observers w iil perceive both planar regions to be equi-distant. This anisotropy 
reverses for surfaces specified by motion parallax created by vertical motion.
The suggestion that the visual system does not use point disparities alone to derive the 
depth structure of a scene was assessed empirically by Gillam et al (1988). They 
examined both (i) the time it took observers to fuse disparity defined horizontally and 
vertically orientated planar surfaces and (ii) the time required to perceive depth within 
them. Observers' latencies to fuse the two images (which required them to match all 
of the individual points) were similar for both surface orientations. However, the 
latencies to perceive depth were considerably greater for vertically orientated 
surfaces. Consequently, they argued from their results that the derivation of
stereoscopic depth was dependent on the relative disparities of groups of elements 
extracted from a point disparity map. They noted that the advantage of relative 
disparity information was that it remained unchanged by eye movements unlike point 
disparities that are absolute values. Furthermore, relative disparities are not restricted 
to pairs of congruent elements but can apply to groups of elements. Consequently, 
there are many potential sources of information that the visual system might utilise to 
derive depth and so many studies have attempted to identify the sources of 
information which are used in practice (Gillam et al, 1984, 1988; Mitchison & 
McKee, 1990; Gillam & Ryan, 1992; Cagenello & Rogers, 1993; van Ee & Erkelens, 
1996; Bradshaw et al, 1999).
Koenderink and van Doom (1976) demonstrated that one way to characterise 
differences generated between simultaneous binocular images, and the sequence of 
images generated by motion parallax, is in terms of three types of transformation: (i) 
dilation which is a uniform expansion or contraction, (ii) curl which is a rigid rotation 
and (iii) the two components of deformation which is an expansion in one meridian 
and a contraction in an orthogonal meridian (see figure 2.2). Koenderink and van 
Doorn also noted that all the information about surface slant could be derived from 
the components of deformation. There are a number of other ways that the 
transformations between the retinal images may be decomposed. For surfaces defined 
by binocular disparity (or parallax from horizontal motion), the images of horizontally 
orientated surfaces are primarily related by a shear transformation (a deformation and 
a rotation) and the images of vertically orientated surfaces are primarily related by an 
expansion/compression1 transformation (a deformation and a dilation).
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1 For brevity the term expansion/compression will be shortened to compression throughout the thesis.
45
F igure 2.2 . Illustrates the effects on the image o f  a planar surface (top) undergoing the 
follow ing geometric transformations: (a) a dilation, (b) a cyrl and (c & d) the tw o forms o f  
deformation. The diagrams in the centre illustrate the directions that forces are acting for each 
transformation type.
Rogers & Graham (1983) argued that the anisotropy was attributable to the greater 
sensitivity of the visual system to information generated by shear transformations in 
low frequency depth changes (see also Bradshaw et al, 1999). However, Cagenello 
and Rogers (1990, 1993) noted that even if true this explanation was incomplete as it 
failed to specify which components of the transformation were significant and why 
the visual system was more sensitive to this information source. They demonstrated 
that disparity defined shear and compression surfaces generate different magnitudes 
of orientation disparity and then argued that the visual system's sensitivity to this 
property was responsible for the anisotropy in threshold detection tasks.
Orientation disparity is the difference in orientation between corresponding features 
in the two simultaneous retinal images. ICoenderink (1986) showed that the 
deformation between binocular images could, in principal, be calculated from the 
orientation difference between corresponding line elements at different absolute 
orientations. The magnitude of orientation disparity between the corresponding
images of a line on a surface is a function of (i) the magnitude of the surface slope 
and (ii) the absolute orientation of the line. For a planar surface sloped around a 
horizontal axis (also referred to as an inclined surface) with a fixed magnitude, the 
orientation disparity generated by an arbitrarily orientated line element is a monotonic 
function of its orientation with respect to the observer, starting at zero for horizontal 
lines and rising to a maximum for vertically orientated elements. However for a 
planar surface sloped around a vertical axis (also referred to as a slanted surface) with 
a fixed magnitude, the orientation disparity of an arbitrary surface line is a non­
monotonic function of its absolute orientation starting at zero for horizontal lines, 
rising to a maximum for ±45° lines and then declining back to zero for vertically 
orientated lines. Cagenello and Rogers (1993) noted that for surfaces of equal slope 
magnitude, the maximum orientation disparity that could be generated by an element 
oil a shear (horizontal) surface was twice as large as that for a compression (vertical) 
surface. They also pointed out that a texture comprising ±45° line elements generated 
the same magnitude of orientation disparity on both surface types. Furthermore, 
when both types of surface were covered with randomly orientated texture elements 
the average orientation disparity will be 57% greater within the shear surface.
To assess their theory Cagenello and Rogers measured the depth detection thresholds 
for disparity defined planar horizontally and vertically orientated surfaces whilst 
varying the available orientation disparity information. This was achieved by using 
surfaces of three types. Their first stimuli were random dot stereograms (RDSs) that 
did not contain any explicit line elements. These surfaces did, however, contain a 
distribution of Fourier energy across all orientations in the luminance domain to
t
which the visual system is sensitiye. They found a difference of 65% between the 
thresholds for horizontal and vertical surfaces. This was closer to that predicted by a
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orientation disparity (100%). The second stimuli were stereoscopic surfaces covered
with a 0/90° grid of line elements that maximised the orientation disparities present in
horizontal surfaces whilst vertical surfaces still contained no explicit orientation
disparities. They found that the thresholds were 2-3 times higher for vertical surfaces,
which indicated that although orientation disparities were important the visual system
could use other information sources to derive the surface inclination. The third»
stimuli were stereoscopic surfaces ruled with a ±45° grid of line elements that 
generated the same magnitude of orientation disparity at both surface orientations. In 
this condition observers' thresholds were the same for both surface types and of a 
slightly greater magnitude than for horizontal surfaces ruled with a 0/90° grid, which 
Cagenello and Rogers argued was also consistent with the use of average orientation 
disparity.
Nonetheless, studies using supra-threshold stimuli have shown that orientation 
disparity cannot by itself provide a sufficient explanation of the anisotropy (Mitchison 
& McKee, 1990; Gillam & Ryan, 1992). Gillam and Ryan argued that the 
perspective information available from the lines on*ruled surfaces specified a flat 
fronto-parallel surface and therefore conflicted with the surface slope specified by 
disparity information. Gillam (1968) had previously demonstrated that the 
compression of texture elements produced by surfaces sloped around a horizontal axis 
was a less effective cue to slope magnitude than the convergence of texture elements 
produced by surfaces sloped around a vertical axis. As a consequence, they argued 
conflicts generated by perspective in Cagenello and Rogers experiment could have 
caused the differences in slope magnitude between surfaces slanted around a vertical 
axis ruled with ±45° lines and those ruled with ±90° lines. Gillam and Ryan claimed
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dependence upon the average orientation disparity (57%) rather than the maximum
that the perspective con flic t rather than variations in the availab le orientation disparity  
in form ation  w a s  the prim ary ca u se  o f  the an iso trop y . T h eir  fin d in g  that the  
an isotropy persisted  w ith in  stereo sco p ic  supra-threshold  h orizon ta lly  and vertica lly  
orientated  su rfaces ruled w ith  ± 4 5 °  lin e  e lem en ts  supported th is su g g estio n . The  
orientation  disparity present w ith in  th ese  surfaces w as equal but the e ffec tiv en ess  o f  
co n flic tin g  p ersp ective  in form ation  w as greater for the vertica l surfaces. T hey did, 
h o w e v e r , n o te  that n eith er o rien ta tion  d isparity  nor p ersp ec tiv e  c o n flic ts  w ere  
su ffic ien t to  exp la in  all o f  their results. In particular, they  cou ld  n ot exp la in  w h y a 
sim ilar p ersp ective  co n flic t  w ith in  h orizon ta lly  orientated surfaces had little  e ffect. 
A s a co n seq u en ce , they  argued that other (u n sp ecified ) configurational aspects m ust 
play a role in the anisotropy.
A  p o ss ib le  exp lan ation  for th e  d ifferen ces  b e tw een  the resu lts o f  C a g en e llo  and  
R ogers (1 9 9 0 ; 1993) and G illam  and R yan (1 9 9 2 ) w as that there w ere  variations in  
the in form ation  ex p lo ite d  b y  the v isu a l sy stem  w ith in  the th resh o ld  and supra- 
threshold tasks. C agen ello  and R ogers (1 9 9 3 ) argued that the persp ective  inform ation  
ava ilab le  w ith in  surfaces at disparity threshold  w as too sm all to be detected  by the 
v isu a l sy stem . A s  a co n se q u e n c e , th ey  su g g e s t  that o r ien ta tion  d isparity  w a s  
im portant for the p ercep tion  o f  depth  w ith in  d isparity th resh old  task s but that it 
interacts w ith  other factors, including p erspective, in  supra-threshold tasks. 
Subsequent stud ies h ave produced  ev id en ce  o f  further factors that are im plicated  in  
th e p ercep tio n  o f  depth  w ith in  h o r izo n ta lly  and v e r tica lly  o rien ta ted  su rfaces. 
H ibbard and L an g ley  (1 9 9 8 )  exam in ed  the perception  o f  s lanted  and in clin ed  plaid  
surfaces d efin ed  by tw o  sin u so id a l gratings (orientated  b etw een  5° and 4 0 °  to the 
horizontal). T hey  found  that their results w ere best fit by a m od el that w as sen sitive  
to  both orientation and spatial frequency d ifferences in  the lum inance dom ain. There
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is  a lso  ev id en ce  that in  addition to orientation disparity the v isu a l system  m ight u tilise  
on e, or m ore, o f  the com p on en ts o f  a com p ression  transform ation as a stereoscop ic  
prim itive (B radshaw  et al, 1999). T he e ffec t o f  the anisotropy tends to be rem oved by  
increasing the v iew in g  tim e for a stim ulus, i.e . detectiQn thresholds for horizontal and 
vertica l surfaces b eco m e c lo ser  t o ! each  other as v ie w in g  tim e in creases (van  E e &  
E rkelens, 1996; H egarty, B radshaw , D eB ru yn  &  Parton, 1997; H ibbard & Bradshaw ,
1 9 9 9 ). T h erefore , th e an isotrop y m ay partia lly  resu lt from  th e u se  o f  stim u lu s  
presentation  tim es that are to o  short for the v isu a l system  to fu lly  b en efit from  the  
availab le com pression  inform ation.
2 .1.2  Objectives o f the Current Experiments
A  m ajor purpose o f  the current experim ents w as to exam ine the e ffec t  o f  varying the  
m agn itu d e o f  shear and com p ressio n  in form ation  generated  w ith in  threshold  and  
supra-threshold  surfaces. A ll  o f  the a b ove  stu d ies (ex cep t B rad sh aw  et al, 1999)  
m anipulated the m agnitude o f  orientation disparity w ith in  a surface by either adding  
lines at different orientations (C agen ello  & R ogers, 1990, 1993; M itch ison  & M cK ee, 
1990; G illam  &  R yan, 1992) or varying the m agnitude o f  the s lo p e  o f  a surface at a 
particular orientation  (G illam  &  R yan, 1992). T he form er has the d isadvantage o f  
in troducing ex p lic it  p ersp ective  in form ation  and the latter can  o n ly  be used  w ith in  
supra-threshold tasks. In the experim ents w ith in  th is chapter shear and com p ression  
in form ation w ere m anipulated by changes in  the orientation o f  the ax is o f  curvature o f  
a stim u li covered  w ith  random  dots. Shear in form ation  w ill b e  at a m axim um  for  
su rfaces curved  around a h orizon ta l a x is  and w ill  d ec lin e  m o n o to n ica lly  as the  
orientation o f  the ax is o f  curvature is increased to vertical. C on versely , com pression
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is  at a m in im um  for surfaces around a horizontal ax is and at a m axim u m  for surfaces 
around a vertical axis. A d d ition a lly , the average and m axim um  orientation disparity 
w ill  co -v a ry  w ith  the m agn itu d e o f  shear and c o m p r e ss io n  in form ation . The  
advantage o f  th is m ethod  o f  m anipulating the in form ation  content o f  the stim uli is 
that the random  dot surface contains 110 ex p lic it  co n flic tin g  p ersp ective  inform ation  
and perform ance can be com pared in  threshold  and supra-threshold tasks w ith  c lo se ly  
m atched  stim uli. T his a llow ed  an a ssessm en t o f  the degree to w h ich  the d ifferences
t
b etw een  threshold  and supra-threshold d isparity tasks can be attributed to con flic ts  
from  p ersp ectiv e  in form ation . A s  p rev iou s stu d ies have in d icated  that the v isu a l 
sy stem  m ak es little  u se  o f  m onocu lar p ictorial in form ation  011 random ly  patterned  
surfaces (G illam , 1968; also  see  section  6 .3).
A  further aim  o f  the exp erim en ts w as to com pare p erform an ce for d isparity and 
p a ra lla x  d e fin e d  stim u li. A lth o u g h  th e  s tu d ie s  o u tlin ed  ear lier  h a v e  m ade  
co n sid era b le  p rogress in  understand ing  the ca u ses o f  the an iso trop y  w ith in  the  
disparity dom ain  there has b een  little p u b lished  data exam in ing  the depth  anisotropy  
for m o tio n  d efin ed  su rfaces s in ce  R ogers and G raham  (1 9 8 3 )  first reported  its  
ex isten ce . B radshaw  and R ogers (1 9 9 9 ) h ave reported ex ten siv e  data quantify ing the 
disparity sen sitiv ity  function  for horizontally  and vertically  orientated surfaces across 
a large range o f  corrugation freq u en cies. H ow ever, the o n ly  ava ilab le  data for the  
parallax sen sitiv ity  fu n ction  exam in ed  h orizon ta lly  orientated  su rfaces (R ogers & 
G raham , 1982). N o  p u b lish ed  stu d ies h ave exam in ed  the e ffe c t  o f  the anisotropy  
across a range o f  corrugation frequencies for parallax defined  surfaces. Therefore, the  
experim ents w ith in  this chapter exam ined  observers' perform ance for parallax defined  
stim uli across a range o f  corrugation freq u en cies for threshold  d etection  and supra- 
threshold  depth m atching tasks.
50
A d d ition a lly , a lthough  R ogers and Graham  (1 9 8 3 ) argued that the ex isten ce  o f  the  
an isotrop y  w ith in  both  d isparity  and parallax  d om ains w a s in d ica tiv e  o f  a c lo se  
relationship  b etw een  the p rocessin g  m ech an ism s o f  the tw o  inform ation  sources this 
has n o t p rev io u sly  b een  ex a m in ed  in  d eta il. T h e c lo s e ly  m atch ed  stim u li and  
procedures used  w ith in  the disparity and parallax tasks enabled  direct com parisons to  
be m ade b etw een  observers' settings on  the basis o f  each  o f  these cues.
2 .2  E x p e r im e n t 2 .1  - B in o c u la r  D isp a r ity  D e te c tio n  T h r e sh o ld  T a sk
P revious studies have published  data outlin ing the disparity sen sitiv ity  function  (D SF ) 
for h o r izo n ta lly  and v er tica lly  orien tated  corrugated  su rfaces across a range o f  
corrugation  freq u en cies (B radshaw  & R ogers, 1999), depth d etection  thresholds for  
planar surfaces s lop ed  around a 45° ax is (B radshaw  et al, 19 9 9 ) and thresholds for 
surfaces defined  by sinusoidal gratings at a range o f  orientations (H ibbard & L angley,
1998). H ow ever, there is  no published  data describ ing the D S F  for disparity defined  
surfaces orientated around other axes. T he current exp erim en t a sse ssed  ob servers’ 
disparity  d etectio n  th resh o ld s for sin u so id a l corrugations cu rved  around a regular  
se r ie s  o f  a x es  o r ien ta ted  b e tw e e n  0° (h o r izo n ta l) and  90° (v e r t ic a l) . T he  
transform ations b etw een  the im ages o f  the surfaces vary system atica lly  in  the am ount 
o f  shear and com p ression  in form ation  that th ey  generate. Shear in form ation  is at a 
m axim u m  for surfaces curved  around a horizontal ax is and stead ily  d ec lin es  as the  
orientation  o f  the ax is o f  curvature increases to vertical. C on versely , the m agnitude  
o f  com p ression  in form ation  is in versely  proportional to shear and so  in creases w ith  
the surface orientation. A s  a con seq u en ce, i f  thresholds w ere critica lly  dependent on  
shear in form ation  (or a property that co -varies w ith  it su ch  as orientation  disparity)
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th ey  w o u ld  in crease  w ith  th e  orien tation  o f  the ax is o f  curvature. H ow ever , an 
im provem ent o f  thresholds at interm ediate orientations cou ld  ind icate  an interaction  
in  the p rocessin g  o f  shear and com p ression  inform ation (B radshaw  et a l, 1999).
2 .2 .1 Method
2 .2 .1 .1  O bservers
S ix  observers w h o had norm al, or corrected to norm al, v isual acuity and stereo acuity  
o f  < 2 0  arc se c  p artic ip ated  in  the ex p er im en t. A ll  o b serv ers  (e x c e p t  H D T ) 
p artic ip a ted  as u n p aid  v o lu n teers . O ne ob serv er  (H D T ) had n o t p r e v io u s ly  
participated w ith in  a p sych op h ysica l experim ent. T w o observers participated on ly  for 
the in d iv id u a l p ix e l stim u li, tw o  partic ipated  for the G au ssian  stim u li and tw o  
participated for both sets o f  stim uli.
2 .2 .1 .2  Stim uli
T he stim uli w ere R D S s that d ep icted  sin u so id a l corrugated surfaces in  a 10° circular 
aperture. The 'central' corrugation w as m arked by tw o lines 1.5° in length  o ffset by 1° 
from  either side o f  the centre o f  the stim ulus. A  cross w as presented in  the centre o f  
th e  screen  b etw een  each  trial to  en ab le  the observers to m aintain  fixa tion . T w o  
d ifferen t ty p es o f  R D S  w ere  u sed  in  w h ich  the dots w ere  d efin ed  by either (i) 
G au ssian  b lob s w ith  a spatial standard d ev ia tion  o f  1.78 arc m in  or (ii) individual 
p ix e ls . T he d en sity  o f  the dots in  th ese  tw o  stim uli w a s 3 7 .7  d o ts /d eg 2 and 50%  
resp ectiv e ly . A  standard grey -leve l-in terp o la tion  algorithm  w as u sed  to create sub­
p ix e l d isp arity -sh ifts b e tw een  the stereo pairs (e .g . G eo rg eso n , F reem an  & Scott- 
Sam uel, 1996). T h ese  stereo pairs w ere pre-com puted  and stored to prevent delays
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T he n on-linear relationsh ip  b etw een  in tensity  o f  ligh t reproduced on  the screen  and 
the internal cod in g  o f  the 2 5 6  p ix e l grey le v e ls  w as corrected  u sin g  a look -u p  table. 
A  pattern  o f  m ax im u m  con trast b la ck  and w h ite  sq u ares w a s  d isp la y ed  in an 
o th erw ise  darkened  room . T he contrast o f  th e m on itor w a s  ad ju sted  until the  
lum inance o f  a w h ite  square (m easured u sin g  a photom eter) w a s 23  cd  m '2 and that o f  
a b lack  square w a s  0 .1 5  cd  m '2. T he lu m in a n ce  o f  the b la ck  squares w a s then  
increased  in  26  steps (1 to 2 5 6  in  steps o f  5) from  thenn in im um  to m axim um  (w h ilst  
the lum inance o f  the w h ite  squares w as sim u ltan eou sly  reduced) and w as m easured  
after each  increase. A  quadratic exp ression  w as fitted to the resu lting data to produce  
the look-up  table.
2 .2 .1 .3  Apparatus
The stim uli w ere generated on  an A p p le  M acin tosh  7 5 0 0  and presented  using  tw o 12" 
m o n o ch ro m e A p p le  m on itors arranged in  a W h eatston e s ty le  co n fig u ra tio n  and  
v ie w e d  through tw o front silvered  mirrors set ± 4 5 °  to the m edian  p lane. T he v iew in g  
distance w as 95 cm  at w h ich  distance a p ix e l subtended 1.19 by 1.23 arc m in.
t
2 .2 .1 .4  D esig n  and Procedure
T he m eth od  o f  con stan t stim u li w a s u sed  to  determ ine d etectio n  thresholds. The  
observer m ade a tw o  alternative forced  ch o ice  c la ssify in g  the 'central corrugation' o f  a 
stim ulus as either 'concave' or 'convex'. T he stim uli w ere v ie w e d  in  a d im ly  lit room . 
T h resh old s w ere  m easured  for four corrugation  freq u en cies (0 .1 , 0 .2 , 0 .4  and 0.8  
c /d eg ) and f iv e  surface orien tations (0°, 22 .5 ° , 45°, 6 7 .5°  and 90°). E ach  observer  
p erform ed  four b lo ck s  o f  sev en ty  trials for  a ll corrugation  freq u en cy /or ien ta tion
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between presentations.
com b in ation s. T he exp erim en t w a s run over several days w ith  the order o f  th ese  
b lock s random ised . Prior to com m en cin g  each  b lock  the observer v ie w e d  a supra- 
threshold surface (sim ulated  peak-to-trough depth o f  b etw een  2 0 0  and 60 0  arc sec) o f  
the sam e corrugation frequency and orientation as the test stim uli. O n each  trial, the 
sim u la ted  depth  am p litu d e w a s se le c te d  random ly  from  se v e n  p o ss ib le  v a lu es  
corresponding to -3 , -2, -1 , 0, 1 ,2  or 3 tim es the sm allest 'step size'. E ach surface w as 
p resen ted  for tw o  seco n d s. P robit a n a ly s is  (F in n ey , 1 9 4 7 ) w a s  u sed  to fit a 
cum ulative G aussian curve to the percentage correct data set. T hresholds w ere taken  
to  be the 75%  point on the p sychom etric function.
2.2.2 Results and Discussion
O nly data for the G aussian  stim u li w a s an a lysed  sta tistica lly  and in clu d ed  in the 
sum m ary p lo t (see  figure 2 .3 ) for tw o  reasons: (i) G aussian stim uli w ere used  w ith in  
all four exp erim en ts and (if) on ce  the tw o ob servers w h o  had participated  in both  
co n d itio n s w ere  ex c lu d ed  there w ere  in su ffic ien t observers to perform  inferential 
statistics. Individual perform ance data (see  figure 2 .4 ) for the random  dot conditions  
is  in clu d ed  to confirm  the generality  o f  the e ffec ts  reported and for com parison  w ith  
earlier  stu d ies  that h a v e  u sed  th ese  ty p es  o f  stim u li. T he lo w e s t  corrugation  
frequency (0.1 c /d eg) w as exclu d ed  from  the analysis, as h a lf  o f  the observers (A D P , 
M FB  and SJW ) cou ld  not produce reliab le thresholds for surfaces curved around a 
vertica l axis w ith in  th is condition . ' T he thresholds for each  observer w ere converted  
into standard z -sco res  u sin g  the m ean  and standard d ev ia tio n  o f  their thresholds  
across all three an a lysed  corrugation freq u en cies. T h is rem oved  the e ffec ts  o f  the  
ab so lu te  d ifferen ces in  sen sitiv ity  to d isparity in form ation  b etw een  the individuals.
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T he norm alised  scores w ere an a lysed  u sin g  a tw o -w a y  A N O V A  w ith  the corrugation  
freq u en cy  and the orien tation  o f  the a x is  o f  curvature (or su rface  orien tation ) as 
factors. ,
F igure 2 .3  p lo ts the m ean  o f  the observers' norm alised  thresholds against corrugation  
frequency and surface orientation  for the G aussian  stim uli. T here w a s a m onoton ic  
increase in  observers' thresholds as the orientation  o f  the ax is o f  curvature increased  
from  0° (horizontal) to 90° (vertical), w h ich  w as reflected  in  a h ig h ly  sign ifican t m ain  
e ffe c t  o f  surface orientation  (F(4ti2)=18.55, p O .O O l). P ost-h oc  a n a ly sis  u sin g  Page's 
m o n o to n ic  trend test con firm ed  that there w a s a s ig n ifica n t in crea se  (p < 0 .0 1 ) in 
th resh o ld s for a ll corru gation  freq u en c ies  (se e  tab le  2 .1 ) . T here w a s  a h igh ly  
s ig n if ic a n t  in tera ctio n  b e tw e e n  su rface  o r ien ta tio n  and co rru g a tio n  freq u en cy  
(F(8,24)=  1 0 .7 7 , p O .O O l) . F igure 2 .3  in d ica tes that th is w a s  due to  a particularly  
p ro n ou n ced  in crea se  in  th resh o ld s w ith  su rface or ien ta tion  at lo w e r  corrugation  
freq u en cies (< 0 .2  c /d eg ). T herefore, observers clearly dem onstrated  the e ffects  o f  the 
stereoscop ic  anisotropy.
v ,  45-°
*0e o  . 67.5
OA J *
0.6
0.8 ^^  VST
F ig u re  2.3 Plots the normalised mean detection thresholds (z-scores) for all 4 observers against 
surface orientation and corrugation frequency for the G aussian stim uli. N B . Th e 0.1 c/deg  
condition was excluded as only 1 o f the 4 observers produced thresholds at 90 ° in this condition
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C o rr . F req . L P
0.2 211 < 0 .001*
0.4 236 < 0 .01*
0.8 22 6 < 0 .01*
Table 2.1. The results o f post-hoc Page’s monotonic trend tests o f surface orientation for 
three o f the tested corrugation frequencies. Significant results are marked with an asterisk.
F igure 2 .3  a lso  sh o w s that, for all surface orientations, observers' lo w e s t  thresholds 
occurred in  the m iddle o f  the tested  corrugation frequencies (0 .4  c /d eg ) and increased  
at lo w er  and h igher freq u en cies . T he a n a ly sis  in d icated  that the m ain  e ffec t o f  
corru gation  freq u en cy  w a s h ig h ly  s ig n ific a n t (F(2,6)=40.35, p < 0 .0 0 1 ) . P o st-h o c  
com parisons w ith  T u k eys H on estly  S ign ifican t D ifferen ce  (H S D ) test revealed  that 
the 0 .2  c /d eg  corrugation  freq u en cy  d iffered  s ig n ifica n tly  from  the other tested  
freq u en cies (p < 0 .0 5 ) and that d ifferen ce  b etw een  the other freq u en cies (0 .4  and 0.8  
c /d eg ) approached s ign ifican ce  (p < 0 .1 ). Furtherm ore, the m agnitude o f  the e ffec t o f  
frequency is a lm ost certain ly  underestim ated  due to the e x c lu s io n  o f  the 0.1 c /d eg  
con d ition  in  w h ich  all observers exh ib ited  their h igh est thresholds (see  figures 2 .4a  
and 2 .4 b ). T he resu lts con firm ed  that the U -sh ap ed  disparity sen sitiv ity  fu n ction , 
p rev io u sly  reported for h orizo n ta lly  (T y ler, 1974; R ogers &  G raham , 1982) and  
v ertica lly  orien tated  su rfaces (B rad sh aw  & R o gers, 1 9 9 9 ), occurred  for ob liq u e
I
surface orientations.
0 2 2 .5  45 6 7 .5  90
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Figure 2.4. Plots the detection thresholds, in arc sec, as a function o f the surface orientation for the 
(a) Gaussian and (b) individual pixel stimuli. The error bars represent ± 1 S E .  The different symbols 
denote different corrugation frequencies: 0 .1( 0 ) , 0.2 (<>), 0.4 (A) and 0.8 ( ▼ )  c/deg. Lines o f best 
linear fit jo in  the points.
F igures 2 .4 a  and 2 .4b  depict the depth d etection  thresholds for each  observer for both  
the G au ssian  and th e  in d iv id u a l p ix e l stim u li. T h ese  fig u res sh o w  there w as  
considerab le inter-observer variation  in  perform ance, w h ich  w a s con sisten t w ith  the 
resu lts o f  earlier stud ies (e .g . R ogers &  G raham , 1982; B radshaw  &  R ogers, 1999). 
T h is varia tion  w a s  d em onstrated  by d ifferen ces in  (zj the a b so lu te  m agnitude o f  
observers' d etection  thresholds and (z'z) observers' su scep tib ility  to the an isotropy. 
A lth o u g h  there w a s a con sid erab le  variation  in  sen sitiv ity  to  d isparity in form ation  
across in d iv id u a ls (e .g . A D P 's thresholds w ere  co n sisten tly  2 -3  tim es  h igher than  
th o se  o f  the other observers) the b est acuity dem onstrated w ith in  the study ( -2 .5  arc 
for observers M FB  and P B H  at 0 .4  c /d eg ) w as com parable w ith  the best perform ance  
o f  p rev io u s  stu d ies (se e  for ex a m p le  H ow ard , 1919; R o g ers &  G raham , 1982; 
B radshaw  &  R ogers, 1999). T he variation  across in d iv id u als in  the e ffec ts  o f  the  
an isotropy can  be seen  in  tw o  m ain  w ays. F irstly , three observers fa iled  to obtain  
th resh o ld s for  v e r tic a lly  orien ta ted  su rfa ces at 0.1 c /d e g . In terestin g ly , their  
th resh o ld s for su rfaces orientated around a 6 7 .5°  ax is w ere  g en era lly  o f  a sim ilar  
m agnitude to those for observers w h o  did produce thresholds. S econ d ly , one observer  
H D T  sh o w ed  o n ly  a sm all in crease  in  her thresholds w ith  orien tation  ev en  at the  
lo w est corrugation frequency.
In co n clu sio n , the results o f  th is experim ent w ere con sisten t w ith  the su ggestion  that 
ob servers' th resh o ld s for d e tec tin g  the s lo p e  o f  a d isparity  d e fin ed  surface w as  
cr itica lly  d ep en d en t upon  the m agn itu d e o f  horizon ta l shear (R o g ers & G raham , 
1 9 8 3 ), or a property that co -v a r ies  w ith  it su ch  as the m agn itu d e  o f  orien tation  
disparity (C agen ello  & R ogers, 1993), generated by the surface.
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T a s k
T his experim ent a ssessed  the m agnitude o f  depth that observers p erce ived  in a fixed  
am p litu d e d isparity  d e fin ed  corrugated  su rface that w as cu rved  around axes o f  
different orientations. P revious studies have su ggested  that there w as a d ifference in  
the p ro cessin g  o f  depth for d isparity d efin ed  surfaces w ith in  th resh old  and supra- 
threshold  tasks (C agen ello  & R ogers, 1990; 1993; M itch ison  & M cK ee, 1990; G illam  
&  R yan, 1992). T he current exp erim en t ex ten d s the p rev iou sly  p u b lish ed  w ork  in 
tw o  w ays. F irstly, the m agnitude o f  shear inform ation (and orientation disparity) w as  
m an ipu lated  in d ep en d en tly  o f  the surface am plitude and w ith o u t the p resen ce  o f  
co n flic tin g  p ersp ective  in form ation  generated by oriented lin e  e lem en ts. A lthough , 
there m ay have b een  other co n flic tin g  pictorial inform ation present, e .g . variations in  
the m ean  texture d en sity  across the su rface, prev iou s stu d ies have ind icated  that 
observers cannot m ake e ffe c tiv e  u se  o f  su ch  inform ation  (see  chapter 6 for a b r ie f  
rev iew ). S econ d ly , the task  w a s perform ed for tw o  corrugation freq u en cies (0 .2  and  
0.8 c /d eg ). There is  no prev iou sly  published  data exam in ing  the e ffe c t  o f  corrugation  
frequency upon the anisotropy for supra-threshold stim uli. A lth ou gh  the anisotropy is 
generally  considered  to be a lo w  corrugation frequency ph en om en on  the results o f  the 
threshold task indicated  that it d oes also occur at higher corrugation frequencies.
2.3.1 Method
2.3 Experiment 2.2 - Binocular Disparity Depth Matching (Supra-threshold)
2.3 .1 .1  O bservers
S ix teen  observers w h o  had norm al, or corrected to norm al, v isu a l acu ity  and stereo
acuity o f  < 20  arc sec  participated in  the secon d  experim ent. T h ese  observers included  
all o f  th o se  w h o  had participated  w ith in  the threshold  task  (exp er im en t 2 .1 ). S ix  
observers participated for the ind ividual p ix e l stim uli a lone, sev en  participated for the 
G aussian  stim uli a lone and three participated for both sets o f  stim uli.
2 .3 .1 .2  Stim uli and Apparatus
T he stim uli w ere produced in the w a y  outlined  for experim ent 2.1 excep t the central 
corrugation  w a s no longer m arked w ith  tw o  lin es. T hey w ere d isp layed  on  exactly  
the sam e configuration o f  experim ental equipm ent.
t
2 .3 .1 .3  D esig n  and Procedure
T he observer's task  w a s to adjust the apparent peak-to-trough depth o f  a corrugated  
probe surface until it appeared to m atch  that o f  a referen ce surface. T he reference  
surface had fix ed  am plitude o f  30 0  arc sec  and an orientation se lected  at random  from  
on e o f  th e f iv e  a n g le s  (0°, 2 2 .5 ° , 45°, 6 7 .5 °  and 90°) u sed  w ith in  the threshold  
experim ents. T he probe surface a lw a y s curved  around a h orizon ta l ax is  and had a 
random ly assign ed  in itial am plitude (w ith  a m ean  o f  300  arc sec ). T he tw o surfaces  
w ere presented in  alternation w ith  each d isp layed  for tw o secon d s. T he probe surface  
w a s p roceed ed  by a beep  and the observer then  adjusted its am plitude. There w as no  
tim e lim it for a trial and the observer w a s instructed to perform  the task  as accurately  
as p o ssib le . T he stim uli w ere  v ie w e d  in  a d im ly  lit room . Four settin gs w ere m ade  
for  each  or ien ta tion  at tw o  corru gation  freq u en c ies  (0 .2  and 0 .8  c /d e g ). T he  
experim ent w as run in  tw o  b lock s (d efined  by corrugation frequency) w ith  their order 
counterbalanced across observers.
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T he data for ob servers v ie w in g  th e  G au ssian  and in d iv id u a l p ix e l stim u li w ere  
analysed  separately u sin g  tw o-w ay, A N O V A s (O rientation X  F requency). The three 
ob servers (A D P , M F B  and D T F ) that participated  for b oth  stim u lu s ty p es w ere  
exclu d e from  the analysis o f  the ind ividual p ixe l stim uli.
F igure 2 .5  sh o w s the m ean depth settings for all observers at each  surface orientation  
and both  corru gation  freq u en c ies . F igu re  2 .5  in d ica tes  that th ere  w a s  a n o n ­
m on oton ic  relationship b etw een  surface orientation and the m ean  depth that observers  
p erceived . The greatest m agnitude o f  p erce ived  depth occurred for surfaces curved  
around a 45° axis w ith in  w h ich  observers p erceived  considerably  m ore depth than for 
the horizontal probe surface. A dditionally , observers considerably underestim ated the 
dep th  w ith in  a su rface  or ien ta ted  around a v er tica l a x is  at b o th  corru gation  
freq u en c ies . T here w a s a h ig h ly  s ig n ific a n t m ain  e f fe c t  o f  su rface  orien tation  
(G aussian: F(4,36)= 2 2 .0 1 , p < 0 .0 0 1 ; D ot: F ^ o t y  10 .39 , p < 0 .0 0 1 ). T he m ain e ffec t o f  
corru gation  freq u en cy  w a s  n ot s ig n ifica n t (G aussian: F (i>9)== 1 .3 8 , p > 0 .0 5 ; D ot: 
F (i)5 )= 0 .1 , p > 0 .0 5 )  r e f le c tin g  th e  g en era lly  sim ila r  patterns in  the observers' 
perform an ce at both  corrugation  freq u en cies. T he m agn itu d e o f  the in crease in  
perceived  depth at 45° and the d ec lin e  for vertica lly  orientated su rfaces w as le ss  for  
the 0 .8  c /d e g  surface. H en ce , there w a s a h igh ly  s ig n ifica n t in teraction  b etw een  
surface orientation and corrugation frequency (G aussian: F ^ ^ ty  10 .39 , p < 0 .001; Dot: 
F(4,20)=  4 .6 3 , p < 0 .0 1 ). T aken together th ese  fin d in gs clearly  dem onstrated the e ffec t  
o f  the stereo sco p ic  an isotropy w ith in  supra-threshold  stim u li (G illa m  et al, 1988 , 
M itch ison  &  M cK ee, 1990; G illam  & R yan, 1992; C agenello  & R ogers, 1993).
2.3.2 Results and Discussion
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Figure 2.5. Plots the mean perceived surface magnitude for all observers as a function o f the 
surface orientation for the (a) Gaussian and (b) individual pixel stim uli. Th e  error bars 
represent ± 1 S E .  The sym bols denote the two different corrugation frequencies: 0.2 (O ) and 
0.8 ( ▼ )  c/deg.
F igu res 2 .6 a  and 2 .6 b  sh o w  the m ean  settin gs for each  o f  the ob servers w h o  had  
participated w ith in  the threshold  experim ent. A lth ou gh  there w as considerab le inter­
ob serv er  var ia tion  in  the m agn itu d e o f  the e ffe c ts  d escr ib ed  earlier  there w a s  
gen era lly  a very  g o o d  q u alita tive  agreem en t b e tw een  in d iv id u a ls . A ll  observers  
sh ow ed  a peak in p erceived  depth, for 45° surfaces a n d  m ost sh o w ed  an underestim ate  
o f  depth for vertical surfaces.
There w ere , h o w ev er , tw o  ex cep tio n s  to th is latter pattern: H D T  dem onstrated  no  
b iases at either corrugation frequency w h en  v iew in g  the individual p ix e l stim uli, and 
M F B  dem onstrated no bias for the 0 .8  c /d eg  G aussian surface. T h ese  results question  
the va lid ity  o f  la b e llin g  v isu a l p rocessin g  iso trop ic , or an iso trop ic , on  the b asis o f  
o b servation s o f  tw o  p o in ts on  a continuum . A lth ou gh  H D T  and M F B  produced  
ver id ica l resp o n ses for h orizon ta l and vertica l surfaces their h ig h est estim ates o f  
p erce iv ed  depth  occurred  for o b liq u e ly  orientated  su rfaces. T h is  in d icated  that 
p r e v io u s  s tu d ie s  that co n cen tra ted  u p on  tw o  o r ien ta tio n s m ig h t h a v e  m issed
anisotropic patterns in  perform ance. The peak  in  p erceived  depth occurred for all 16 
ob servers at both  corrugation  freq u en c ies  and so  w a s su b ject to  le s s  in d iv id u al 
variation than the d ifference b etw een  horizontal and vertical surfaces.
F igures 2 .6 a  and 2 .6b  indicated  there w ere d ifferen ces in the m agnitude o f  observers' 
settin gs for the tw o  stim uli. F irstly , the m agnitude o f  ob serv ers’ depth  settings for 
o b liq u e ly  orientated  surfaces w a s greater for the G aussian  stim u li. S eco n d ly , the  
relationship  b etw een  the h igh  and lo w  corrugation frequency con d ition s w as different 
for the tw o  stim uli. H ow ever, the purpose o f  the tw o sets o f  stim uli (as noted  earlier)
t
w a s  to ensure th e g en era lity  o f  the fin d in g s. S o m e d egree  o f  varia tion  in  the  
m agnitude o f  the e ffects  is  to be exp ected  b etw een  the stim uli due to the d ifferences  
in  their dot d en sity . T he im portant p o in t is that the patterns o f  the o b serv ers’ 
perform ance are qu a lita tive ly  very  sim ilar for the tw o  ty p es o f  stim u li and so  the  
effec ts  are not m erely  an artefact o f  a particular stim ulus.
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Figure 2.6. Plots the perceived surface magnitude, in arc sec, as a function of the surface 
orientation for the (a) Gaussian and (b) individual pixel stimuli for the observers who 
participated in experiment 2.1. The error bars represent ±1SE. The different symbols denote 
different corrugation frequencies: 0.2 (❖), and 0.8 (T) c/deg. The horizontal bar indicates a 
veridical response. The curves represent best fitting quadratic expressions.
T he resu lts o f  th is  exp erim en t w ere  n ot ex p lica b le  purely  in  term s o f  observers' 
greater sen sitiv ity  to shear inform ation or co n flic ts  from  p ersp ective  cu es (C agenello  
&  R ogers, 1990 , 1993; G illam  & R yan, 1992). The m agnitude o f  shear inform ation  
d ec lin ed  m o n o to n ica lly  as the surface orien tation  increased . C on seq u en tly , i f  the  
m agnitude o f  p erceived  depth w a s predom inantly in flu en ced  by th is factor it should  
have also  declined. N either w ere the results consisten t w ith  G illam  and Ryan's (1 9 9 2 )  
su g g estio n  that p ersp ective  co n flic ts  cou ld  exp la in  the an isotropy as the stim uli did  
not con ta in  lin e  e lem en ts to generate su ch  persp ective  in form ation . B radshaw  et al 
(1 9 9 9 ) h ave su ggested  an explanation  that cou ld  partially account for the current data. 
T h ey  proposed  that w h en  both shear and com p ression  in form ation  is  sim ultaneously  
present then  on e m igh t facilita te  the p ercep tion  o f  the other. T h is su g g estio n  w as  
supported em p irica lly  by their fin d in g  that observers' perceptual la ten c ies to detect 
depth  w ere  lo w er  for p lanar su rfa ces s lo p ed  around a 45° a x is  than for sim ilar  
surfaces around either horizontal or vertical axes.
ft
H o w ev er , B radshaw  et als' su g g estio n  cannot by it s e lf  accou n t for th e d ifferen ces  
b etw een  the patterns o f  the results w ith in  the disparity threshold (experim ent 2 .1 ) and  
su p ra-th resh o ld  ta sk s, as their su g g e stio n  d o es  n ot ex p la in  w h y  the in teraction  
b etw een  the tw o in form ation  sources d oes not a lso  occur at threshold . O ne p ossib le  
exp lan ation  is that the stim ulus presentation  tim es w ere not su ffic ien tly  lon g  for the 
v isu a l sy stem  to m ake e f fe c t iv e  u se  o f  the co m p ressio n  in form ation  w ith in  the 
threshold  task. H ow ever, the greater m agnitude o f  com pression  inform ation available  
w ith in  supra-threshold  su rfaces m ay h ave enab led  the v isu a l sy stem  to ex p lo it th is  
in form ation  in  a shorter tim e. T his su g g estio n  m ight predict that i f  the presentation  
tim es for threshold  stim uli w ere increased  observers' lo w est thresholds w ou ld  occur  
for o b liq u ely  oriented surfaces due to the facilita tion  e ffec t  from  the availab ility  o f
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In sum m ary, the p erceived  m agnitude o f  depth w ith in  a supra-threshold surface in this 
exp er im en t varied  as a n o n -m o n o to n ic  fu n ctio n  o f  the orien tation  o f  its a x is  o f  
curvature for all corrugation frequencies. O bservers p erceived  m ost depth at oblique  
orientations peak ing at 45°. T hese results cannot be exp lained  e x c lu s iv e ly  in  term s o f  
orientation disparity inform ation (C agen ello  & R ogers, 1993) or co n flic ts  from  linear 
p ersp ective  (G illam  & R yan, 1992) w h ich  have prev iou sly  b een  advanced  to exp la in
I
th e a n iso trop y . T h ey  m ay  be due to m ech a n ism s u sed  in  th e  d er iva tion  o f  
s tereo sco p ic  depth b ein g  sen sitiv e  to the sim u ltan eou s p resen ce  o f  com p on en ts o f  
shear and com p ression  transform ations.
2 .4  E x p e r im e n t 2 .3  - M o tio n  P a r a lla x  D e te c t io n  T h r e sh o ld  T a sk
T h is experim ent a sse ssed  ob servers’ depth d etection  thresholds for parallax defined  
corrugated surfaces curved around a series o f  axes orientated b etw een  0° (horizontal) 
and 90° (vertical). R ogers and Graham  (1 9 8 2 ) have reported data sh o w in g  the depth  
se n s it iv ity  fu n c tio n  for  h o r izo n ta l p ara llax  su rfa ces that d em on stra ted  it w as  
q u a lita tively  sim ilar to that for d isparity , i .e . p eak  sen sitiv ity  ten d ed  to occur for  
interm ediate corrugation frequencies (~ 0 .4  c /d eg ) w ith  a decrease in  sen sitiv ity  at lo w  
(< 0 .1  c /d eg ) and h igh  corrugation freq u en cies (> 1 .6  c /d eg ). T he m ajor a im  o f  this 
exp erim en t w a s to ex ten d  th ese  fin d in gs to quantify depth sen sitiv ity  fu n ction s for  
su rfaces across a range o f  d ifferen t orien tation s and to ex a m in e  h o w  the depth  
anisotropy interacted w ith  corrugation frequency. A d d itionally , the c lo se  m atching o f  
the stim uli and procedure to experim ent 2.1 a llow ed  an ex ten siv e  com parison  o f  the 
e ffec ts  o f  the an isotropy w ith in  both  disparity and parallax d om ain s. A lth ou gh  the
66
both information sources.
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g eom etric  nature o f  the in form ation  sp ec ified  by thd tw o  cu es is  very  sim ilar (see  
section  1.3) there m ight be variations in the inform ation that the v isu a l system  utilised  
from  ea ch  source. S p ec if ica lly , th ese  resu lts a llo w ed  a com p arison  o f  the relative  
sen sitiv ity  o f  the v isu a l sy stem  to in form ation  generated by shear and com p ression  
transform ations w ith in  the disparity and m otion  dom ains.
2.4.1 Method
E xcep t w here noted the procedure is as for Experim ent 2 .1 .
2 .4 .1 .1  O bservers
F iv e  observers w h o  had norm al, or corrected  to norm al, v isu a l acu ity  participated in 
the experim ent. Four observers participated w ith in  the first tw o  experim ents although  
tw o  o f  these observers (S  JW  and P B H ) perform ed this experim ent before the disparity  
experim ents.
2 .4 .1 .2  Stim uli
T he stim u li w ere  random  d ot k in em atogram s (R D K ) w h ich  d ep ic ted  s in u so id a l 
corrugated surfaces in  a 20° circular aperture. E ach  surface w a s defin ed  by a series o f  
fram es b e tw een  w h ic h  th e re la tive  d isp la cem en t o f  in d iv id u a l e lem en ts , as the  
observer's head m oved  from  sid e-to -sid e , sim ulated the m ovem en t o f  point on a a real 
3 -d  surface. T he ind iv idual e lem en ts w ith in  the stim uli w ere  G aussian  b lobs w ith  a 
standard dev ia tion  o f  1 .78 arc m in  and a density  o f  3 7 .7  d ots/d eg2. A  standard grey- 
level-in terp o lation  algorithm  w a s used  to create su b -p ixel sh ifts 'in p o sitio n  b etw een  
su c c e ss iv e  fram es in  the m otion  seq u en ce. T he m otion  fram es w ere  pre-com puted
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2 .4 .1 .3  Apparatus
T he stim u li w ere  generated  on  an A p p le  M acin tosh  G3 and p resented  u sin g  a 21"  
m on och rom e R adius m onitor. T he lum inance output o f  the m onitor w a s linearised  
and m atched  to that o f  the m onitors in the disparity experim ents u sin g  the procedure  
o u tlin e d  p r e v io u s ly  ( s e e  se c t io n  2 .2 .1 .3 ) .  T h e o b serv er  v ie w e d  th e stim u li 
m onocularly  v ia  a headrest that w as free to m ove  from  sid e-to -sid e  ( ± 6 .5  cm ) parallel 
to the front o f  the m onitor. W hen the headrest w as in its central p ositio n  the centre  
lin e  o f  the stim uli w a s a ligned  w ith , and 66  cm  from , the observers' dom inant ey e  at 
w h ich  d istan ce  on e p ix e l su b ten d ed  1 .77  by 1 .79  arc m in  o f  v isu a l an gle . T he  
horizontal p o sitio n  o f  the observer's head w as m onitored u sin g  a potentiom eter and 
they  m o v ed  their heads at a rate o f  1 H z, w h ich  w as syn ch ron ised  by a m etronom e. 
T yler and Torres (1 9 7 2 ) m easured  ob servers’ sen sitiv ity  to sin u so id a l m ovem en t and 
found  peak  sen sitiv ity  lay  b etw een  1 and 5 H z. The low er part o f  th is  range w as  
ch o sen  due to the practical d ifficu lty  o f  getting  observers to m o v e  their heads at a 
faster rate than 1 H z. A ll ob servers reported a so lid  im p ressio n  o f  depth  w h en  
v iew in g  supra-threshold stim uli at th is rate o f  m ovem ent.
2.4.2 Results and Discussion
T he observers' th resh o ld s w ere  con verted  into n orm alised  z -sc o r e s  before  b ein g  
an alysed  in  a tw o -w a y  A N O V A  (see  experim ent 2 .1 ). F igure 2.1 p lo ts the m ean  o f  
th e ob servers' n o rm a lised  th resh o ld s aga in st corrugation  freq u en cy  and surface  
orientation. From  figure 2.1 it can be seen  that for the tw o  lo w est tested  corrugation
and stored to prevent delays between presentations.
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freq u en c ies  (0 .1  c /d e g  and 0 .0 5  c /d eg ) thresh old s in creased  m o n o to n ic a lly  as the
orientation  o f  the ax is  o f  curvature increased  (from  horizontal to vertica l). H ow ever
at h igher corrugation  freq u en cies, thresholds either rem ained  re la tiv e ly  constant or
tended  to decrease as the surface orientation  increased. T here w a s a sign ifican t m ain
effec t o f  surface orientation (F(4ji6)= 4 .168, p < 0 .0 5 ). T able 2 sum m arises the results o f
p o st-h o c  an a lyses o f  the orientation o f  the ax is o f  curvature u sin g  P age's m onoton ic
trend tests. D u e to the ch an ge in  d irection  o f  the an isotropy at h igh er  corrugation
freq u en cies the s ig n  o f  a lin e  o f  b est fit w as used  to d eterm ine the d irection  o f  the
trend to be tested . T here w a s sign ifican t increase in  thresholds (p < 0 .0 5 ) for the 0.05
c /d e g  co rru g a tio n  freq u en cy  and 0.1 c /d e g  corru gation  fr e q u e n c y  approached
sig n ifica n ce  (p < 0 .1 ), w h ich  confirm  the trends apparent in figure 2 .1 . T h is result w as, •
further reflected  in  the sign ifican t interaction b etw een  the surface orientation  and the  
corrugation frequency (F(i6,64)= 2 .3 7 3 , p < 0 .0 1 ). T h ese results c learly  dem onstrated the 
e ffe c ts  o f  the an iso trop y  for m otionjD arallax d efin ed  stim u li (R o g ers & Graham, 
1983).
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Figure 2.7. Plots the mean detection thresholds for all 5 observers against surface orientation and 
corrugation frequency.
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C o rru g a tio n L P
0 .05 251 < 0 .05*
0.1 > 241 <0.1
0.2 230 > 0 .05
0 .4 227 > 0 .05
0.8 -2 3 6 > 0 .05
Table 2.2. The results of post-hoc Page's monotonic trend tests for three of the tested 
corrugation frequencies. Significant results were marked with an asterisk. Negative results 
denote the test was for a downward trend.
Figure 2 .7  sh o w s that observers w ere m ost sen sitive  to the corrugation frequencies in
the m id d le  o f  the tested  range (0 .2 -0 .4  c /d e g ) and in crea sin g ly  le s s  sen sitiv e  to
ou tly in g  frequencies. A s  a con seq u en ce, there w as a h igh ly  sign ifican t m ain effect o f
corrugation frequency (F(4,i6)~22.3, p < 0 .0 0 1 ). A  p ost h oc  T ukey H S D  test revealed  a
sign ifican t d ifference (p < 0 .0 5 ) b etw een  all but tw o o f  the com binations o f  corrugation
freq u en cies  (0 .1  c /d eg  v s . 0 .8  c /d eg  and 0 .2  c /d eg  v s . 0 .4  c /d e g ). T h ese  resu lts
con firm ed  that the U -sh ap ed  sen sitiv ity  fu n ction  reported by R ogers and Graham
(1 9 8 3 ) for h orizonta lly  orientated parallax defin ed  surfaces a lso  app lied  to surfaces
curved around axes at all orientations.
F igure 2 .8  depicts the depth d etection  thresholds for each  individual observer. There 
w as considerab le  in ter-observer variation  in  perform ance. For exam p le  at 0 .8  c /d eg , 
tw o  ob servers’ thresholds (M FB  and SJW ) increased  m o n oton ica lly  w h ils t the other 
tw o ob serv ers’ thresholds (A D P  and P B H ) decreased  m on oto n ica lly . A d d ition a lly , 
n o n e  o f  th e ob serv ers sh o w e d  clear  trends across a ll su rface  o rien ta tion s and  
corrugation  freq u en cies. For ex a m p le , con sid er  the observers' th resh o ld s at 0 .05  
c /d eg , there w as considerab le in d iv idual variation  in the exact surface orientation at 
w h ic h  ob servers dem onstrated  their lo w e s t  and h ig h est th resh o ld s. H o w ev er , it 
sh ou ld  be n o ted  that at th is corru gation  freq u en cy  all observers' th resh o ld s for  
vertica lly  oriented  su rfaces w ere h igh er than for h orizon ta lly  orientated  surfaces. 
H en ce , the an isotropy w as ev id en t w ith in  each  ind ividual's data. A d d ition a lly , all 
ob servers sh o w ed  U -sh ap ed  depth sen sitiv ity  fu n ction s for all surface orientations, 
(i.e . P eak sen sitiv ity  for all observers lay b etw een  0 .2  and 0 .4  c /d eg ).
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Figure 2.8. Plots the parallax depth detection thresholds, in arc sec, as a function o f the surface 
orientation. The error bars representing ± 1 S E .  The different sym bols represent the different 
corrugation frequencies: 0.05 (• ), 0.1 (O ), 0.2 (<>), 0.4 (A) and 0.8 ( T )  c/deg. A  line o f best 
linear fit joins individual points.
Three ob servers (A D P , M F B  and P B H ) exh ib ited  a greater sen sitiv ity  to depth from  
disparity  in form ation  in  h orizon ta l su rfaces w h ils t  the fourth ob server  (SJW ) w as  
sligh tly  m ore sen sitive  to m otion  inform ation. T his w as very sim ilar to the patterns o f  
inter-observer variab ility  reported by R ogers and Graham  (1 9 8 2 ). H ow ever, for all 
observers the d ifferen ces b etw een  the tw o cu es disappeared as the surface orientation  
increased. T his w as particularly true at lo w  corrugation frequencies. O bservers w h o  
w ere unable to produce reliab le  disparity thresh old s at 0.1 c /d eg  ex p erien ced  little  
d iff icu lty  in  prod u cin g  p arallax th resh o ld s at 0 .0 5  e /d eg . T h is is  in d ica tiv e  o f  a 
greater ability  to u tilise  com pression  inform ation w ith in  the parallax dom ain.
T h ese  results w ere con sisten t w ith  earlier results reported by N ak ayam a, Silverm an, 
M acL eod  and M u lligan  (1 9 8 5 ). T h ey  assessed  the sen sitiv ity  o f  observers to shear  
and co m p ress io n  m o tio n  in  random  dot d isp la y s  across a  range o f  corrugation  
freq u en cies (0 .1 2 5  c /d eg -8  c /d eg ). T h ey  found that at the lo w e st tested  corrugation  
frequencies ( -0 .1 2 5  c /d eg ) sen sitiv ity  to both sources o f  in form ation  w a s sim ilar and 
that at h igher corrugation  frequencies (> 0 .2  c /d eg ) observers w ere m ore sen sitive  to 
com p ression  inform ation. T h is latter increase in  relative sen sitiv ity  to  com p ression  
in form ation  m igh t accou n t for the reverse an isotropy that occurred for tw o  o f  the 
ob servers (P B H  and SJW ). T he re la tiv e ly  fla t p erform an ce at the m id-range o f  
corrugation  freq u en cies across all surface orientations cou ld  re flec t the observers' 
h igh er sen s it iv ity  to co m p ress io n  in form ation , i .e . e ith er so u rce  o f  in form ation  
a llo w e d  th em  to reach  a c e ilin g  in  perform an ce. N a k a y a m a  et a l d id  n ot test 
ob servers w ith  surface corru gation  freq u en cies  as lo w  as th o se  u sed  w ith in  th is  
experim ent. T he results o f  th is experim ent w ou ld  predict a h igher sen sitiv ity  to shear 
in form ation  in  su ch  surfaces. T h is m igh t a lso  exp la in  the d ifferen ce  b etw een  the  
resu lts o f  N ak ayam a et al and th ose  o f  R ogers and Graham  (1 9 8 3 ) , w h o  found that
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ob servers w ere  m ore se n s it iv e  to stim u li that gen erated  a shear transform ation . 
N ak ayam a et al had attributed the d ifference to the different p sych op h ysica l criterion  
used  in the tw o  studies (e .g . a ssessin g  the perception o f  m otion  rather than depth).
In sum m ary, the resu lts o f  th is  ex p erim en t in d icate  that for su rfaces d efin ed  by  
parallax observers dem onstrate an increase in  thresholds b e tw een  horizon ta lly  and 
vertica lly  orientated surfaces but o n ly  at lo w  corrugation freq u en cies. A d d itionally , 
th e  m agn itu d e o f  the in crease  in  ob servers' th resh o ld s for su rfa ces at d ifferen t  
orientations w a s m uch  sm aller than for d isparity defin ed  surfaces at all corrugation  
frequencies. T he experim ent indicated  that observers have a greater ab ility  to u tilise  
com p ression  inform ation generated by parallax defined  surfaces than for the disparity  
d efined  surfaces.
2 .5  E x p e r im e n t 2 .4  - M o tio n  P a r a lla x  D e p th  M a tc h in g  (S u p r a -th r e sh o ld ) T a sk
T h is  exp er im en t a sse sse d  the m agn itu d e o f  depth  that ob serv ers p erce iv ed  in a 
parallax d efin ed  corrugated surface that curved  around a ser ies o f  a x es o f  d ifferent 
orien ta tio n s. T h erefo re , th e  m ain  p u rp o se  o f  the ex p er im en t w a s  to  a llo w  a 
com parison  o f  the e ffec ts  o f  the depth anisotropy at different corrugation frequencies  
b etw een  (i) parallax threshold and supra-threshold tasks and (ii) parallax and disparity  
supra-threshold tasks. T his a llo w ed  an assessm en t o f  the sim ilarities and d ifferences  
in  the e ffe c tiv en ess  o f  shear and. co m p ression  in form ation  across th ese  cond itions. 
E xperim ents 2.1 and 2 .2  had already sh ow n  a d ifferen ce in  the pattern o f  observers' 
perform ance in  disparity threshold and supra-threshold tasks. T his w as interpreted as 
in d icatin g  that the v isu a l sy stem  w a s ab le to u tilise  the p resen ce  o f  both shear and 
co m p ress io n  in form ation  w ith in  su pra-threshold  task s but that it w a s prim arily
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dependent upon  shear in form ation  at threshold. A d d itionally , a com parison  b etw een  
experim ents 2.1 and 2 .3  dem onstrated that d ifferen ces in  derivation  o f  depth on  the  
b asis o f  disparity or parallax occurred w ith in  threshold  tasks, i.e . the anisotropy w as  
on ly  apparent for parallax defined  stim uli at lo w  corrugation frequencies (<0.1 c/deg). 
T his ind icated  that d ifferen ces in  the relative e ffec tiv en ess  o f  shear and com pression  
inform ation ex isted  at threshold for the tw o cues.
T he task  w a s carried out for three corrugation  freq u en cies (0 .1 , 0 .2  and 0.8 c /d eg)  
rather than  the tw o  u sed  w ith in  the d isparity  supra-threshold  exp erim en t. T h is  
ensured  it w as perform ed at a corrugation frequency (0.1 c /d eg ) at w h ich  observers  
w ere sh ow in g  ev id en ce o f  anisotropic perform ance w ith in  the parallax threshold task.
2 .5.1 Method
T he stim u li and apparatus w ere the sam e as u sed  for E xp erim en t 2 .3  (the m otion  
parallax threshold  task) and the procedure is as for E xperim ent 2 .4  (the b inocular  
disparity depth-m atching task).
2 .5 .1 .1  O bservers
T en  observers w h o  had norm al, or corrected  to norm al, v isu a l acu ity  participated. 
T h ese  ob servers in c lu d ed  four o f  th o se  w h o  had participated  w ith in  the m otion  
parallax threshold task (experim ent 2 .3).
2 .5.2 Results and Discussion
F igu re 2 .9  sh o w s the m ean  depth  p e r c e iv e d  by all o b serv ers at each  su rface
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o r ien ta tion  and corru gation  freq u en cy . For a ll three corru gation  freq u en c ies  
p erce iv ed  depth in creased  m o n o to n ica lly  w ith  surface orientation . C on seq u en tly , 
there w as a h ig h ly  s ig n ifica n t m ain  e f fe c t  o f  surface orien tation  (F {436)= 1 2 .2 5 1 , 
p < 0 .0 0 0 1 ). H ow ever, due to the sim ilarity in observers' perform ance across all three 
corrugation freq u en cies there w as no e ffec t o f  corrugation freq u en cy  (F{218)= 1.286, 
p > 0 .0 5 ) nor any interaction b etw een  the tw o  factors (F(g 72)= 0 .9 0 5 , p > 0 .0 5 ).
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Figure 2.9. Plots the mean perceived surface magnitude for all observers as a function o f the 
surface orientation. The error bars represent ± 1 S E .  The three sym bols represent the different 
corrugation frequencies: 0.1 (O), 0.2 (<>) and 0.8 c/deg ( T ) .
Figure 2 .1 0  sh o w s the results for each  o f  the observers w h o  participated  w ith in  the 
p arallax  th resh o ld  exp erim en t. .A lth o u g h  there w as co n sid era b le  in ter-ob server  
variation  in  the m agnitude o f  the e ffec ts  described  earlier there w a s generally  a very  
g ood  agreem ent in the qualitative pattern o f  the results. A ll o f  the observers show ed  a 
m on oton ic  increase for m ost corrugation frequencies. T here w ere  so m e fluctuations 
in  the interm ediate orientations (p ossib ly  reflectin g  an interaction b etw een  shear and 
c o m p ressio n  in form ation) but in  every  in stan ce m ore depth  w a s p erce iv ed  in the  
v ertica lly  orientated  surface than th e horizonta l orientated surface. T herefore, the  
resu lts sh o w ed  that observers exh ib ited  a reversed anisotropy across all o f  the tested
O ne interpretation o f  th ese results .was that they again reflect a greater ab ility  to utilise  
com p ression  inform ation w ith in  m otion  parallax defined  stim uli. A lth ou gh , all o f  the 
graphs appear to sh o w  an increased overestim ation  o f  depth it shou ld  be rem em bered  
that the probe w as a horizontal surface. T herefore, all estim ates o f  p erce ived  depth  
w ere relative. It is  p erfectly  p o ssib le  that the depth o f  horizontally  orientated surfaces 
w as underestim ated and that the increase in p erceived  depth for vertica lly  orientated  
surfaces actually  represented a m ore verid ica l perception. S im ilarly , the peak for the 
m id -corru gation  freq u en cies w ith in  the d isparity d efin ed  stim u li m igh t a lso  have  
represented m ore verid ical perception  o f  depth. A s noted earlier, stud ies have sh ow n  
that the p erce ived  depth in  disparity d efin ed  surfaces appears to b u ild  up over tim e  
(se e  for ex a m p le  G illam  et al, 19 8 4 , 1988; H ibbard &  B rad sh aw , 1 9 9 9 ). A s  a 
co n seq u en ce, the cond itions at w h ich  peak depth w as perceived  w ith in  the tw o supra- 
th resh o ld  tasks m ay h ave rep resen ted  the op tim al co n d itio n s  for d eriv in g  depth  
m agnitude o f  a surface in  a fix ed  tim e period  on  the b asis o f  th ese  tw o  inform ation  
sources.
T he d ifferen ces b e tw een  the resu lts for the parallax threshold  and supra-threshold  
su rfa ces m ay  a lso  be e x p lic a b le  in  term s o f  the v isu a l s y s te m ’s re lian ce  upon  
com p ression  inform ation. T he results at threshold sh ow  that observers b enefit equally  
from  th e p resen ce  o f  shear and c o m p ress io n  in form ation  (at m o st corrugation  
freq u en cies). H o w ev er  for supra-threshold  su rfaces, the co m p ressio n  in form ation
t
appears to dom inate the determ ination  o f  depth. T his d ifferen ce  m ay be due to the 
v isu a l sy stem  b ein g  unab le to fu lly  ex p lo it  the low er  m agn itu d es o f  com p ression  
inform ation availab le in  threshold  surfaces.
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corrugation frequencies.
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F ig u re  2 .10 . Plots the perceived surface magnitude, in arc sec, as a function o f the surface 
orientation for 4 observers who participated in the parallax threshold experiment. The  
different sym bols represent the different corrugation frequencies: 0 .1 ( 0 ) , 0.2 (<>) and 0.8 
( ▼ )  c/deg *
In sum m ary, the m agn itu d e o f  p erce iv ed  depth  w ith in  a p arallax  d efin ed  supra- 
threshold surface tends to increase as the orientation o f  the ax is o f  curvature increases  
from  horizontal to  vertical. T his su ggests that the m ajor determ inant o f  depth w ith in  
th ese  surfaces is com pression  inform ation as it also increased w ith  orientation.
2 .6  G e n e r a l D isc u ss io n
T he m ajor aim  o f  the experim ents in th is chapter w as to exam in e  and com pare the
e ffe c ts  o f  the an isotropy for d isparity and parallax* d efin ed  th resh o ld  and supra-
threshold  surfaces across a range o f  corrugation frequencies. T he results revealed  a
num ber o f  variations in  observers' perform ance that appeared dependant on both the
source o f  inform ation d efin in g  the stim ulus and the nature o f  the task.
F or s tereo sco p ic  su rfa ces, observers' th resh o ld s in creased  m o n o to n ica lly  as the
orientation  o f  the surface ch an ged  from  horizontal (0°) to vertical (90°) for all tested
corrugation  freq u en cies. T h is w as co n sisten t w ith  the v isu a l sy stem  b ein g  reliant
upon either inform ation generated by a horizontal shear transform ation or orientation
disparities (R ogers &  G raham , 1982; C a g en e llo  &  R ogers, 1993; B radshaw  et al,
1 9 9 9 ). H o w ev er , in the stereo sco p ic  supra-threshold  task, fo r  both  corrugation
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freq u en cies, p erceived  depth w as a non -m on oton ic function  o f  the surface orientation, 
w h ich  peaked  for surfaces curved  around a 45° axis and d ec lin ed  con sid erab ly  for  
su rfaces around a 90° ax is. T h is w as con sisten t w ith the su g g estio n  that in supra- 
th resh o ld  task s o b serv ers  w ere  ab le  to e x p lo it  the s im u lta n e o u s  p resen ce  o f  
in form ation  generated  by shear and com p ression  transform ations (B radshaw  et al,
1999). I f  this su ggestion  w ere true it m ight be exp ected  that there w ou ld  be a greater 
m agn itu d e o f  neuronal activ ity  a sso c ia ted  w ith  ob liq u ely  orien tated  surfaces than
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h orizontal or vertica lly  orientated  surfaces. R egan , H on g  and R egan  (2 0 0 0 ) have
reported data m easuring ev o k ed  p otentia ls for  cy c lo p ea n  square w a v e  gratings at a, »
variety o f  orientations. T hey fou n d  that m axim um  response am plitude w as obtained  
for o b liq u ely  orientated gratings and the m inim um  resp on se occurred for horizontal 
and vertical gratings, w h ich  is consisten t w ith Bradshaw  et a ls ’ proposal.
In co n tra st, fo r  p ara lla x  d e f in e d  su r fa c e s , ob serv ers' th r e sh o ld s  in crea sed  
m o n o to n ica lly  w ith  the su rface orien tation  at lo w  corrugation  freq u en cies  (< 0 .1  
c /d eg ) but at higher corrugation frequencies thresholds w ere either not system atica lly  
effec ted  by the surface orientation or tended to decrease. A d d ition a lly , the m agnitude  
o f  the anisotropy, as ind icated  by the d ifference in the thresholds for horizontally  and 
vertica lly  orientated  lo w  corrugation  freq u en cy  su rfaces, w a s m uch sm aller  for  
parallax than disparity d efin ed  surfaces. T aken together th ese  resu lts ind icate that 
observers w ere le ss  dependent upon inform ation generated by a shear transform ation  
and m o re  c a p a b le  o f  e x p lo it in g  in fo rm a tio n  g en era ted  b y  a c o m p r e ss io n  
transform ation for parallax defin ed  threshold surfaces. F in a lly , in the parallax supra- 
threshold  tasks p erce iv ed  depth in creased  as a m on oton ic  fu n ction  o f  the surface  
o r ien ta tio n . T h is  in d ica ted  that a lth ou gh  in fo rm a tio n  from  both  sh ear and  
com p ression  co u ld  be u tilised  by the v isual system  the latter had a greater e ffec t on  
the m agnitude o f  perceived  depth w ithin  this task.
T h e  d ifferen ces in observers' p erform ance in  threshold  and supra-threshold  tasks 
cannot be ex p la in ed  by the p resen ce  o f  co n flic tin g  p ersp ective  in form ation  in the 
supra-threshold stim uli (G illam  & ‘R yan, 1991; Cagene*llo & R ogers, 1993). A lthough  
a w ea k  inherent p ersp ectiv e  cu e  w as arguably present w ith in  the stim u li G illam  
(1 9 6 8 )  dem on strated  that the v isu a l sy stem  can m ake little , or n o , u se  o f  such  
inform ation (see  chapter 6). T herefore, the m ost parsim onious exp lanation  seem s to
79
be that variations in perform an ce are ca u sed  by d ifferen ces  in  sen sit iv ity  to the 
a v a ila b le  p r im itiv e  in fo rm a tio n  so u rces across the tw o  ta sk s, e .g . sh ear and  
com p ression . A ssu m in g  the v isual system  extracts a variety o f  d ifferent com ponents  
from  the transform ations generated  b etw een  retinal im ages then it entirely  p ossib le  
that the d etectio n  th resh old  fo r  each  co m p o n en t w ill d iffer. A s a co n seq u en ce ,
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o b se r v e r s’ depth thresholds m ay be determ in ed  by a m ore co n stra in ed  range o f  
inform ation than their percept o f  depth m agnitude in supra-threshold surfaces.
T h e  f in d in g s  o f  th ese  exp er im en ts  h ave im p lica tio n s  for  the in terp retation  o f  
p rev iou sly  reported in teractions b etw een  parallax and disparity in form ation , and are 
su g g e stiv e  o f  the m ech an ism s that m ay underlie these in teractions. B radshaw  and 
R ogers (1 9 9 6 ) have sh ow n  that disparity and m otion  inform ation can be com b in ed  to 
in crease  sen sitiv ity  to the d etection  o f  depth b eyon d  that w h ich  is p o ss ib le  on the 
b asis  o f  e ith er  cu e  in iso la tio n . H o w ev er , in the B rad sh aw  and R ogers study  
th resh o ld s w ere co n sid era b ly  h igh er  for  parallax d efin ed  su rfaces than th ose  for  
disparity defined  surfaces. A s a con seq u en ce, in the surfaces defin ed  by both cu es theft
depth sp ec if ied  by the m otion  cue- w as in creased  to equate the thresholds for both  
inform ation sources. T he current study indicates that the ex isten ce  o f  m echanism s for 
p o o lin g  in form ation  from  the tw o  cu es m ay be due to the e x isten ce  o f  situations in 
real w orld  v ie w in g  w h ere the depth d etection  thresholds for the tw o  cu es are o f  a 
s im ila r  m agn itu d e, i .e . w h en  p ro cess in g  lo w  freq u en cy  d iffe r e n c e s  in depth or 
surfaces s lop ed  around axis at orientations other than horizontal. T here is ev id en ce  
w ith in  both the disparity and m otion  dom ains that the v isual sy stem  filters the depth  
structure o f  an im age based  on the frequency o f  depth changes and that it has distinct 
m ech a n ism s fo r  p r o c e ss in g  th is f iltered  in form ation  (S ch u m er  & G an z, 1979; 
H ogervorst et a l, 1999). T herefore, in scen es w ith  a oom p lex  depth structure various
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d ifferen t p r im itive  in form ation  sou rces m igh t b e  cru cia l in ex tractin g  depth at 
different frequencies.
B rad sh aw  and R ogers (1 9 9 6 )  a lso  argued that non -lin ear in crea ses  in observers' 
thresholds for  su rfaces sp e c if ie d  by both cu es , com pared  to th o se  sp ec if ied  by an 
in d iv id u al cu e , w as e v id e n c e  for the com b in ation  o f  in form ation  from  these cues  
during the early stages o f  v isual p rocessin g  rather than from  com b in in g  the output o f  
cu e  sp e c if ic  depth m od u les. T he d ifferen tia l sen sitiv ity  o f  each  cu e  to d ifferent 
com ponents o f  the retinal im ages, su ggested  by the results o f  the current study, w ou ld  
m ak e su ch  a sy stem  an e sp ec ia lly  e ff ic ie n t m ethod*for extractin g  depth. T h is is  
b ecau se in such a system  the derivation o f  depth cou ld  be based  on  the com bination  
o f  the m ost sen sitive  com ponents from  each  inform ation source rather than the output 
o f  separate depth m od u les that are lim ited  by the least sen sitiv e  com p on en ts. A n  
additional p o ssib ility  is  that the v isu a l sy stem  m ight com b in e in form ation  from  the 
tw o  cu es to en h an ce thresholds for  sp e c if ic  prim itive in form ation  sources. T h ese  
su g g estio n s w ou ld  both be m ore co n sisten t w ith  a strong fu sion  m od el o f  early cue  
com bination  rather than the separate depth m odules su ggested  by L andy et als' (1995 )  
m od ified  w eak  fu sion  m odule.
A  m ajor question  for further studies is  to identify  the sp ecific  inform ation sources that
I
are crucial for the determ ination o f  depth from  parallax and disparity inform ation both  
a lon e  and in  com b in ation  at threshold  and supra-threshold . A lth o u g h , there is a 
con sid erab le  am ount o f  ev id en ce  supporting the im portance o f  shear in form ation  
and/or orientation  d isparities for  rapid ly  determ in ing  depth in d isparity threshold  
surfaces (e .g . R ogers & Graham, 1983; G illam  &  R ogers, 1991; C agen ello  &  R ogers, 
19 9 3 ; H ibbard  & L a n g le y , 19 9 8 ; B rad sh aw  et al, 1 9 9 9 ) there has b een  le s s  
exam in ation  o f  the im portant factors in the m otion  dom ain . H arris, Freem an and
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H u g h es  (1 9 9 2 )  a ttem p ted  to a sse ss  the re la tiv e  e f fe c ts  o f  d ila tio n , curl and  
deform ation on the m agnitude o f  tilt for vertically  and h orizontally  orientated m otion
fe
sp e c if ie d  p lanar su rfa ces. T h ey  fo u n d  no d iffe r e n c e s  b e tw e e n  v er tica lly  and  
horizon ta lly  orientated surfaces and so  su g g ested  that d eform ation  w as the crucial 
factor (as it is  present in both surface types). H ow ever, this con clu sion  is  problem atic  
becau se  the presentation tim e o f  their stim uli w as unlim ited  and this has been show n  
to h a v e  a cru cia l e ffe c t  on the m agn itu d e o f  the an isotropy w ith in  the disparity  
dom ain  (van E e & E rkelens, 1996; H egarty et al, 1998). C on seq u en tly , this w ou ld  
probably  a lso  ex p la in  w h y  H arris et al fou n d  n o  d ifferen ce  in  p erce iv ed  depth  
betw een  horizontal and vertical surfaces.
T he precise  nature o f  h ow  inform ation from  these d ifferent cu es is com b in ed  m ight be  
tested  by a ssessin g  observers' sen sitiv ity  to depth for surfaces d efin ed  by individual 
c u e s  and the co m b in a tio n  o f  both  cu es  e ith er  ( /)  after lo w e r in g  se n s it iv ity  to  
in d iv id u al com p on en ts o f  the retinal im ages on w hich  the cu es m ay be dependent 
u sin g  tech n iq u es o f  adaptation or (ii) by separately  m anipulating the m agnitude o f  
th ese ind ividual prim itive inform ation sources (G illam  & R ogers, 1991; Bradshaw  et 
al, 1999). T h is w o u ld  a llo w  an a ssessm en t o f  the degree to  w h ich  the individual 
com p on en ts o f  the retinal im a g es critica lly  a ffected  thresholds for surfaces sp ecified  
by both ind ividual cu es and the com bination  o f  the tw o cu es. A d d ition a lly , it w ou ld  
be p o ss ib le  to a sse ss  w hether cross-m od a l interactions occurred  for  the ind ividual 
p r im itiv e  in form ation  so u rces. T h is  sh o u ld  en a b le  an id e n tif ic a tio n  o f  w h ich  
in form ation  sou rces are critical to the perception  o f  depth for surfaces sp ec ified  by  
both cu es, w h ich  com p on en ts interact in com b in ed  surfaces and com p on en ts that are 
not utilised .
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T h is account still leaves open  to q u estion  w h y  there w ou ld  be a d ifferen ce  betw een
the sen sitiv ity  o f  the v isu a l sy stem  to d ifferen t com p on en ts o f  the retinal im age
generated w ith in  each dom ain g iven  the geom etric sim ilarities in the inform ation that
they generate. O ne p ossib ility  is that the su ccession  o f  v iew s  conta ined  in the m otion
inform ation provided observers w ith  supplem entary inform ation, e .g . the acceleration
com p on en t o f  m otion . E xam in in g  perform ance on the b asis o f  tw o-fram e m otion ,
w h ich  is m ore d irectly  analogous to disparity v iew in g , m ight a ssess th is latter factor.
I f  h igh er order m otion  in form ation  w as u tilised  then p erform an ce for tw o-fram e
m otion  should  be sim ilar to that for disparity as the instantaneous v e lo c ity  o f  e lem ents
on the surface is not ava ilab le  in such  d isp lays. A  further p o ss ib ility  is that the
variation sen sitiv ity  reflects the differential utility  o f  these inform ation sources w ithin
the d ifferen t d om ain s. F or e x a m p le , d ila tio n  in form ation  (a co m p o n en t o f  a
com p ression  transform ation) is o f  critical im portance w ithin  the m otion  dom ain as it
can sign a l the rate at w hich  an ob ject is approaching. T herefore, the survival o f  an
organ ism  d ep en d s on its  ab ility  to q u ick ly  p ro cess  and u tilise  such  inform ation .
, •
H o w e v e r , h o r izo n ta l grad ien ts o f  d isp arity  co u ld  e ith er  s ig n a l the d eg ree  o f  
in clin ation  o f  an object or be generated by eccentric v iew in g  (M itch ison  & M cK ee, 
1 9 9 0 ). T h e se  ju d g em en ts  are g en era lly  lik e ly  to be le s s  tim e  cr itica l. A s a 
c o n seq u en ce , the v isu a l sy stem  m ay d ev o te  m ore resou rces to the extraction  o f  
d ilation  in form ation  from  the m otion  f lo w  fie ld  than w ith in  the disparity dom ain. 
T h is co u ld  gen erate both a greater se n s it iv ity  and lo w e r  la te n c ie s  to p erce iv e  
co m p ress io n  in form ation  gen erated  b y  the m otion  f lo w  f ie ld  com p ared  to that 
generated in the disparity dom ain.
In sum m ary, previous studies have tended to em phasise  sim ilarities in the p rocessing  
o f  disparity and parallax inform ation (e .g . R ogers &  Graham, 1982 , 1983; Graham &
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R o gers). H o w ev er , the resu lts o f  the current exp erim en ts sh o w ed  that the v isual 
sy stem  cou ld  be d ifferen tia lly  sen sitiv e  to the various com p on en ts o f  the geom etric  
transform ations generated w ithin  each  dom ain. T his in turn m ay cau se  a variation in 
sen sitiv ity  to depth derived from  each cu e for surfaces that generate different types o f  
g eo m etr ic  transform ations. A d d itio n a lly , the exp er im en ts sh o w  that for either  
parallax or disparity defin ed  surfaces d ifferent patterns o f  perform ance occur w ithin  
threshold  and supra-threshold surfaces. T his a lso  probably reflects  the d ifferences in  
se n s it iv ity  o f  the v isu a l sy stem  to  d ifferen t co m p o n en ts  o f  the transform ations  
b etw een  the retinal im ages.
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In fo r m a tio n  w ith  P h y s ic a l S t im u li.1
3 .1  In tr o d u c tio n
T he experim ents presented w ithin  this chapter address the im portance o f  the nature o f  
the perceptual task in determ ining the degree o f  depth constancy  that observers 
dem onstrate on the basis o f  m otion  parallax and binocular disparity inform ation. 
T hey exam in e extent to w hich  the v isual system  can, and d oes, derive a m etric 
(E uclidean) representation o f  depth structure w hen m aking v isu a lly  gu ided  depth  
judgem ents. T his w as a ssessed  by investigating  the variations in ob servers’
perform ance for three d ifferent depth judgem ent tasks w hen  v iew in g  the sam e  
physica l stim uli in a dark (restricted cu e) v iew in g  environm ent.
G lennerster et al (1 9 9 6 ) drew attention to the p ossib ility  that the nature o f  the 
perceptual task m ight in flu en ce the degree o f  depth constancy  that observers
dem onstrate w ithin  experim ents. T h ey  pointed out the v isual system  cou ld
theoretically  com p lete  m any tasks w ithout deriving a fu ll sp ecifica tion  o f  the 
m agnitude o f  depth o f  different features w ithin  a scene (i.e . the metric scene 
structure). For exam ple, they noted  k n ow led ge o f  the ratio o f  the depths o f  the 
different features (i.e . the relief structure) is  su ffic ien t to d istingu ish  m ost natural 
surfaces (e.g . faces). T h ese  ratios co u ld  be derived directly from  the m agnitude o f  the
CHAPTER 3
The Task Dependant Use of Binocular Disparity and Motion Parallax
1 A paper based on the material within this chapter is in press in Vision Research.
binocular disparities, or relative m otion , b etw een  the features. T herefore, in theory  
different com binations o f  inform ation m ight a llow  the v isual system  to form  
representations that describe the layout o f  a v isual scen e to different degrees o f  
geom etric sp ecific ity . Furtherm ore, there m ay be variations in the reliability  and  
accuracy o f  different inform ation sources and h en ce distortions in the representations 
that they are used  to sp ecify , e .g . errors in the m easurem ent o f  vergence m ay lead  to  
system atic distortions in  the perception o f  d istance and relative depth in cond itions o f  
iso la ted  binocular v iew in g  (F oley , 1980; see  section  1.4). G lennerster et al argued the 
visual system  m ight com p lete  a task using  the m ost effic ien t availab le strategy. T he  
m ost e ffic ien t strategy is  the on e that u tilises the available inform ation w ithin the  
scen e  to  produce the m ost accurate representation sufficient to perform  the task. T he  
exten t to w h ich  different strategies are availab le to the visual system  cou ld  be  
ind icated  by variations by observers’ perform ance across a range o f  tasks that vary in  
the geom etric representations that are theoretically  required to com p lete  them . 
G lennerster et al com pared perform ance for tw o  different tasks under near identical 
experim ental cond itions. In a shape ju d gem en t task (sim ilar to experim ent 3 .2 ) depth  
constancy  w as near 75%  w hereas in a depth m atching task (sim ilar to experim ent 3 .3 )  
constancy  w as c lo se  to 100% . T h ey  argued that the d ifference b etw een  th ese results 
w as due to the fact that the form er task requires absolute d istance to be recovered  
w hereas the latter can be com p leted  w ith  k n ow led ge o f  the relative d istance o f  the  
tw o  d isp lays only.
For the present experim ents three tasks w ere d evelop ed  that w ou ld  each  b enefit from  
the presence o f  binocular disparity or m otion  parallax inform ation. H ow ever, these  
tasks varied in ( i) the degree to w h ich  they required further sca lin g  inform ation to
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com p lete  them  and/or (ii) the potential inform ation that they m ade available to the 
observer. T he tasks included: (i) a depth n u llin g  task that cou ld  be com pleted  by  
detecting and m in im isin g  disparities and/or relative m otion , (ii) a depth m atching task  
that cou ld  be com p leted  from  relative d isparities or m otion  interpreted up to a sca lin g  
factor derived from  loca l im age m easurem ents, and (iii) a shape judgem ent task that 
required either the recovery o f  sca lin g  param eters (in disparity and m otion  
con d ition s), the use o f  the rotational com ponent o f  the object m ovem ent to recover  
shape (U llm an , 1979) or the constraints im p osed  by sim ultaneous presence o f  both  
cues (R ichards, 1985). T he in clu sion  o f  the depth nu lling  task exten d ed  the range o f  
tasks beyond th ose  used  by G lennerster et al. It a llow ed  an assessm en t o f  w hether the 
visual system  co u ld  use uncalibrated d isparities, or relative retinal m otion , to  
com p lete  a task and i f  that w ere true provided  an estim ate o f  ob servers’ sen sitiv ity  to  
those tw o sources o f  inform ation w ith in  the experim ental v iew in g  cond itions. 
G lennerster et a ls ’ co n clu sio n s w ere m ade on so le ly  the basis o f  binocular disparity  
inform ation. S o , on e aim  o f  these experim ents w as to exam in e the extent to w hich  
their su ggestion  a lso  applied  to ju d gem en ts based on m otion  parallax inform ation  
either presented in d iv id u ally  or in conjunction  w ith  disparity inform ation. A  
com parison o f  the ob servers’ perform ance within a sp ec ific  v iew in g  cond ition  across 
the three tasks a llow s an assessm en t o f  the exten t to w hich  that cue com bination  cou ld  
support a range o f  different strategies. For exam p le , i f  observers w ere b iased  w ithin  
the static b inocular disparity and m onocular m otion  cond itions but accurate in the  
presence o f  both cu es this w ou ld  im p ly  so m e form  o f  interaction b etw een  them  (all 
other things b ein g  equal). H ow ever, by com paring the perform ance between v iew in g  
cond itions for a sp ec ific  task it is  p o ssib le  to  determ ine the exten t to w hich  sim ilar
87
strategies w ere used  to  perform  the task across the different com binations o f  depth  
cues. For exam ple, i f  perform ance for the m onocular m otion  parallax condition  w as  
h igh ly  biased w ith in  the shape task but c lo se  to verid ical for the m atching task this 
w ou ld  im ply  the v isual system  w as em p loy in g  a different strategy for com p letin g  each  
task. T he com bination  o f  the tw o  cu es is o f  theoretical interest because, as outlined in 
chapter 1, it has been  sh ow n  in principal that their sim ultaneous presence can be  
exp lo ited  to recover verid ical inform ation about surface shape w ithout recourse to  
additional sources o f  in form ation  (R ichards, 1985). P revious em pirical studies o f  the 
com bination  o f  th ese  tw o  inform ation sources have found  different results w ith som e  
fin d in g  benefits (Johnston et a l , 1994; Bradshaw  et a l, 1998) and others find ing no  
advantage (T ittle et a l , 1995; Brenner & van D am m e, 1997).
T he present experim ents em p loyed  physical stim uli. Frisby et al (1 9 9 6 ) argued that 
the cau se o f  departures from  constancy  in m any previous studies m ight be artefacts 
associated  with com puter-sim ulated  stim uli (but see  B radshaw  et al, 1998). S tudies  
that have used real stim uli have found d ivergent results w ith  som e reporting a m is­
perception o f  shape sim ilar to that for com puter sim ulated  stim uli (B lank, 1953; Baird  
& B iersdorf, 1967; L o o m is et al, 1992; W agner, 1985) and others find ing  
considerably im proved  (Frisby et al, 1996), or even  near perfect (D urgin et al, 1995), 
perform ance. H ow ever, in real w orld  situations w ith  w ell-illu m in ated  environm ents, 
it is  often on ly  p o ss ib le  to have a relatively  poor control over the sources o f  depth  
inform ation availab le w ith in  a scene. T herefore, the im provem ent in ob servers’ 
perform ance found  by D urgin  et al (1 9 9 5 ) and Frisby et al (1 9 9 6 ) m ay be due to the  
introduction o f  additional cu es (e .g . perspective inform ation) rather than problem s  
w ith  com puter sim ulated  stim uli per se. S o  the current experim ents used  physical
stim uli that w ere presented in darkness to rem ove the extraneous perspective cues  
w h ile  ob viatin g  m any potential artefacts introduced by the use o f  com puter displays.
3 .2  E x p e r im e n t 3 .1  - N u llin g  T a sk
T he first experim ent em p loyed  a depth nu lling  procedure based on the H ow ard- 
D olm an  stereo acuity test (H ow ard, 1919). T he observers’ task w as to m ove  a central 
L E D  so  that it w as co-linear w ith  tw o  fix ed  reference L E D s (see  figure 3 .1 ). It is  w ell 
estab lish ed  that m otion parallax is an e ffec tiv e  cue to depth for both physical 
(G raham  et al, 1948) and sim ulated  stim uli (R ogers & Graham, 1979, 1982) and that 
it can be com bined  w ith disparity inform ation to low er depth detection  thresholds 
(B radshaw  & R ogers, 1996). H ow ever, no studies have ex p lic itly  com pared the 
interaction o f  m otion  parallax and disparity in the detection depth in physical stim uli. 
In addition the task m ay provide a quantification  o f  the ob servers’ detection  lim its for 
disparities and/or parallax (depend ing on the v iew in g  con d ition ) w ith in  the 
experim ental v iew in g  environm ent. T heoretically , this task on ly  required observers 
to  detect and m in im ise the b inocular disparity, or retinal m otion , b etw een  the L E D s  
and did not necessitate  the recovery o f  sca lin g  parameters. C onsequently , i f  observers 
did use disparity or relative m otion  w ithout sca lin g  them  then perform ance in the task  
w ou ld  reflect the sensitiv ity  lim its o f  the cu es. H ow ever, it rem ains p ossib le  that in 
practice the visual system  co m p letes  this task by recovering sca lin g  parameters and 
fu lly  sp ec ify in g  the depth structure o f  the scene. If this is true then observers’ 
perform ance w ill a lso  reflect the accuracy and reliability w ith  w h ich  the visual system  
can recover these sca ling  param eters and so  should  have a sim ilar pattern o f  b iases to
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the shape task (experim ent 3 .2 ) that n ecessita tes the recovery o f  these param eters (in 
the static binocular v iew in g  cond ition  at least).
3.2.1 Method
3 .2 .1 .1  O bservers
Four observers participated in this experim ent that all had norm al or corrected-to- 
norm al v isual acuity and stereo acuity o f  < 2 0  arc sec. T hey w ere exp erien ced  
psychophysica l observers and participated as unpaid volunteers.
3 .2 .1 .2  Apparatus
Three bright y e llo w  L E D s w ere presented in the dark w ith any additional sources o f  
light, and surface reflection s, rem oved  (see  figure 3 .1 ). W hen the L E D s w ere co -  
linear, and v iew ed  from  above, they form ed a flat line, orthogonal to the centre line. 
T he L E D s w ere arranged to lie  in the sam e horizontal plane as the observer's eyes. 
T w o  o f  the L E D s w ere fix ed  in p osition  for the duration o f  each trial 3 .8 ° either side  
of, and orthogonal to, the centre line and their m idpoint lay either 150 or 3 0 0  cm  from  
the origin  (observer). T he third L E D  cou ld  be m oved  at a constant sp eed  backw ards 
or forw ards a long the centre lin e  under observer control. Great care w as taken  
p osition in g  the lights to prevent the observer b ein g  able to em p loy  a strategy based  on
2-d  inform ation to com p lete  the task. T he brightness o f  the L E D s w as changed  
random ly b etw een  each trial and the m o v in g  light flashed  at a rate o f  5 H z to  
elim inate the sen se  o f  p erceived  m otion . T o  avo id  sign allin g  the v iew in g  d istance v ia  
auditory cu es, the observer w ore ear-defenders throughout the trials and conversation
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betw een the experim enter and observer w as avoided . The experim ent w as run in total 
darkness but b etw een  each trial the room  lights w ere sw itch ed  on to enable the 
experim enter to record the results and set-up the next trial.
A  headrest w as used w hich  w as either fixed , or free to m ove from  sid e-to-sid e. W hen  
v iew in g  stim uli statically , the headrest w as fixed  such that the centre line o f  the 
stim uli w as a ligned  w ith either the dom inant eye (m onocular v iew in g) or m idw ay  
betw een the eyes (binocular v iew in g). In m otion con d ition s the observers w ere  
required to m ove their head 6 .5  cm  either side o f  the centre line (tw ice  the interocular  
distance). T hey m oved  their heads at a rate o f  1 H z, w hich w as synchronised  by a 
m etronom e.
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T a s k :  a d ju s t  f l a s h in g  L E D  s o  3 l ig h t s  c o - l in e a r
Figure 3.1. Illustrates the procedure for the nulling task. In the diagram, the task is being performed at 
150  cm. The dotted circle represents an adjustable flashing L E D  which the observer moves along the 
centre line until it appears fronto-parallel with the reference L E D s  (represented by open circles). The  
closed circles represent the position o f the reference L E D s  when the task is performed at 300 cm and 
the dotted lines projecting from the observer denote a visual angle of 3 .8 °.
3 .2 .1 .3  D esign  and Procedure
The observer m oved  the adjustable L ED  so  that it appeared to lie  at the sam e distance  
as tw o fixed  L E D s, i.e . m aking them  all co-linear (see figure 3 .1 ). T he adjustable 
LED  started at a random  p osition  in front or behind the baseline (the fronto-parallel 
plane contain ing the fix ed  L E D s). Settings w ere recorded as deviations from  the
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baseline. T he experim ents w ere perform ed under the fo llo w in g  four v iew in g  
conditions; ( i) static m onocular, (ii) static binocular, (iii) m onocular w ith  head m otion  
and (iv) b inocular w ith head m otion . E ach observer m ade 10 settings w ith in  all 
v iew in g  conditions at both v iew in g  d istances (150  and 30 0  cm ). T he experim ents  
w ere b locked  by condition  and v iew in g  distance, w hich  w ere ordered random ly.
3.2.2 Results and Discussion
Figure 3 .2  sh ow s the sign ed  m ean deviation  from  zero, in cm , o f  all four ob servers’ 
settings w ith veridical perform ance indicated by the horizontal dashed line. T o  
quantify the accuracy and reliab ility  o f  observers’ settings the m ean setting error and 
S D  w ere com puted across v ie w in g  distances and are presented (as absolute values) in 
table 3 .1 . If observers perform  this task by detecting and m in im isin g  disparities or 
relative m otion then their reliab ility  scores can be taken as an indicator o f  their 
sen sitiv ity  for each tested  in form ation source, or com bination  o f  inform ation sources.
V i e w i n g  D i s t a n c e  ( c m )
Figure 3.2. Plots the mean (n=4) depth settings, in cm , as a function o f view ing distance with 
the error bars representing ± 1 S E .  Th e  different symbols represent the individual viewing  
conditions: static monocular view ing (• ), monocular motion condition (O ), static binocular 
view ing ( A )  and binocular motion view ing (A). The dashed horizontal line indicates perfect 
(veridical) settings.
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Viewing Condition M ea n  S D
Static M onocular 
Monocular Motion 
Static Binocular 
Binocular Motion
18.4 11.7  
2 .2  6.3  
0.8  3 .4  
-0 .6  2.8
Table 3.1. The mean (across viewing distance) group performance indices, in absolute terms, 
for the four experimental viewing conditions within the nulling task.
T he results, in figure 3 .2  and table 3 .1 , for the observers’ settings w ith in  the static 
monocular condition indicate a rela tively  poor leve l o f  perform ance com pared to the 
other cond itions. T able 3.1 sh ow s that even  com pared to the w orst o f  the 'depth cue' 
con d ition  (static m otion  parallax) observers w ere considerably le ss  accurate (the 
m ean w as -1 0 0 0 %  greater) and reliab le (the m ean S D  w as -1 8 5 %  greater). T he  
substantial d ifference betw een  this con d ition  and the other three con d ition s suggested  
that any residual inform ation availab le w as insu ffic ien t to perform  the task.
Viewing Condition M onocular
Motion
Static
Binocular
Binocular
Motion
Static Monocular 
Monocular Motion 
Static Binocular
2 .2 2 3  .835  .5 5 4
.0 2 6 *  .087* .004*  
.899  .3 2 4  
.696
Table 3.2. Summary of the post-hoc Tu key H S D  test comparing the mean settings within the 
four viewing conditions. Significant results (p<.05) are marked with an asterisk.
F igure 3 .2  a lso  sh ow s perform ance w ith in  the three ‘depth cu e ’ cond itions: monocular 
motion, static binocular and binocular motion. In all three con d ition s ob servers’ 
settings w ere m ore accurate and reliab le than th ose for the static m onocular condition . 
T here w as a sign ificant d ifference in perform ance b etw een  the four v iew in g  
con d ition s (F39= 9 .0 6 6 ; p < 0 .005). A  p ost-h oc T ukey H S D  test (see  table 3 .2 ) show ed  
that this w as attributable to sign ifican t d ifferences (p < 0.05) in settin gs betw een  the
static m onocular cond ition  and all three ‘depth c u e ’ conditions. H ow ever, there w ere  
no sign ificant d ifferences b etw een  any o f  the ‘depth c u e ’ conditions.
Perform ance w ithin  the ‘depth c u e ’ cond itions w as c lo se  to veridical at both v iew in g  
distances, w h ich  is reflected  in the very sim ilar m agnitude o f  the m ean setting error 
and SD  scores (in table 3 .1 ). A dditionally , on e w ay  t-tests revealed  that none o f  the  
‘depth c u e ’ cond itions d iffered sign ifican tly  (p > 0 .0 5 ) from  zero (a veridical response) 
and an A N O V A  indicated  there w as no sign ificant d ifference betw een  the tw o  
v iew in g  distances (F i>3= 0 .5 9 7 ; p > 0 .05 ).
T he results dem onstrate that observers cou ld  produce accurate and reliable  
perform ance under th ese v iew in g  cond itions on the basis o f  both disparity and/or 
m otion parallax inform ation. A ssu m in g , that this accurate perform ance w as  
attributable to the use o f  unsealed  d isparities or relative m otion  inform ation then the 
S D s provide an estim ate o f  the observers' sen sitiv ity  to these inform ation sources. 
Furthermore, the relative sen sitiv ity  o f  the cu es can be estim ated by taking the ratios 
o f  the S D s and as the perform ance in both binocular cond itions appears to be  
determ ined by disparity inform ation these con d ition s can be com bined . H en ce, the 
ratio o f  the average S D  for the tw o binocular cond itions to the m onocular m otion  
parallax cond ition  is approxim ately tw o. T h is w as con sisten t w ith  previously  reported  
experim ents using  C R T disp lays w hich  found  that m any observers' parallax depth  
detection  thresholds are approxim ately double their disparity thresholds (R ogers &  
Graham, 1982; Bradshaw  &  R ogers, 1996). In contrast to Bradshaw  and R o g ers’ 
results there w as no im provem ent in detection  thresholds from  the sim ultaneous  
presence o f  both cues. A lthough, as they poin ted  out, thresholds for detection  o f  
depth from  binocular disparity inform ation w ere typ ica lly  b elow  that for m otion
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parallax and w ou ld , as a con seq u en ce , tend to be reached sooner and so  determ ine  
perform ance.
3 .3  E x p e r im e n t 3 .2  - S h a p e  T a sk
T his task required observers to set the p osition  o f  an adjustable L E D  in front o f  tw o  
f ix e d  L E D s (located  either sid e  o f, and orthogonal to, the centre lin e) by an am ount 
equal to their separation (i.e . b=h in figure 3 .3 ). T heoretically , observers cou ld  adopt 
various strategies, dependant on the v iew in g  cond itions, to perform  th is task. For the 
static b inocular con d ition , it w as n ecessary  to recover an estim ate o f  the absolute  
distance to the point o f  fixation . T he dark v iew in g  environm ent rem oved  pictorial 
cu es, and p osition in g  the stim uli in the sam e horizontal p lane as the observers’ eyes  
elim inated  vertical disparities. A s a con seq u en ce, under th ese v iew in g  cond itions the 
v iew in g  d istance cou ld  o n ly  be recovered  from  the vergence angle o f  the eyes (F oley , 
1980; C um m ing et al, 1991; R ogers & Bradshaw , 1995a; B radshaw  et al, 1999). For 
the m onocular m otion  parallax con d ition  there are tw o  p o ss ib le  w ays to derive  
accurate estim ates o f  object shape; (i) u sin g  U llm an's (1 9 7 9 ) theorem  to recover the
3-d  shape up to an isotrop ic  s iz e  sca lin g  from  the rotation o f  the stim uli configuration  
relative to the observer (see  section  1 .3 .2 ), and (ii) the relative m otion  o f  different 
features w ithin  a scen e  co u ld  be sca led  by the angular extent o f  eye  rotation and eg o -  
m otion . H ow ever  for the com b in ed  v iew in g  cond ition , in addition to the option o f  
recovering object shape on the b asis o f  disparity or parallax in iso la tion  a further 
p ossib ility  ex ists . A s noted  in section  1.5, R ichards (1 9 8 5 ) has dem onstrated that the 
binocular disparity and SF M  cu es can theoretically  be com b in ed  to recover veridical 
inform ation about surface shape w ithout requiring additional sca lin g  parameters.
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3.3.1 Method
A ll details o f  the m ethod are as for experim ent 3.1 excep t w here noted.
3 .3 .1 .1  D esig n  and Procedure
T he observer’s task w as to m o v e  an adjustable L E D  in front o f  tw o  fix ed  L E D s, on  
either sid e  o f  the centre line, such that the interval (h) b etw een  it and their centre 
point w as the sam e as their separation (2?) (see  figure 3 .3 ). On each trial, the initial 
location  o f  the L E D  w as set at random  w ith an equal num ber o f  trials starting either  
sid e  o f  the verid ical position . Settin gs w ere recorded as the deviation  from  the 
verid ical position , in cm , w ith  a p o sitiv e  score denoting a p osition  nearer the 
observer.
T a s k :  a d ju s t  f l a s h in g  L E D  s o  h =  b
Figure 3.3. Illustrates the procedure for the shape task. In the diagram, the task is being 
performed at 15 0  cm. Th e dotted circle  represents an adjustable flashing L E D  which the 
observer moves along the centre line until it appears to be distance h from the m id-point of 
the reference L E D s  (represented by open circles), where h is equal to the separation of the 
reference L E D s  (b). The closed circles represent the position of the reference L E D s  when the 
task is performed at 300 cm  and the dotted lines projecting from the observer denote a visual 
angle o f 3 .8 °.
3.3.2 Results And Discussion
T he angular s ize  o f  the fix ed  L E D s w as held  constant (3 .8°) across the tw o v iew in g  
d istances (1 5 0  and 3 0 0  cm ) b y  dou b lin g  the physical s iz e  o f  their separation betw een  
the tw o  d istances (from  2 0  to 4 0  cm ). C onsequently, the b ase-to-apex  height that 
observers w ere a im ing to set (i.e . the veridical height) a lso  doubled. T he sen sitiv ity  o f
97
ob servers’ settings w ou ld  be, by W eb er’s law , proportional to the m agnitude o f  a 
veridical setting. C onsequently, their settings at 30 0  cm  w ere halved  to enable direct 
com parison w ith  those at 150 cm . F igure 3 .4  presents the sign ed  m eans, in cm , for 
the four ob servers’ settings w ith the error bars representing the standard error o f  the 
m ean. T he dashed line indicates verid ical perform ance and so  perfect, unbiased, 
perform ance w ou ld  lie  on this horizontal line. A ny deviation from  this lin e  indicates 
a bias in the p erceived  depth and a slo p e  that d iverges from  horizontal marks an 
interaction w ith  v iew in g  distance. T h e accuracy and reliability o f  ob servers’ settings, 
show n in table 3 .3 , w ere again quantified  by com puting the m ean setting error and S D  
at each v iew in g  distance but are ex p ressed  as percentages o f  the veridical depth 
setting.
3 5 1---------------------------------------------- -----------
 i______________________ i__
150 300
V i e w i n g  D i s t a n c e  ( c m )
Figure 3.4. Plots the mean (n=4) depth settings in cm as a function of view ing distance with 
the error bars representing ± 1 S E .  Th e different symbols represent the individual viewing 
conditions: static monocular viewing (• ), monocular motion condition (O ), static binocular 
view ing ( A )  and binocular motion view ing (A). The dashed horizontal line indicates ideal 
(veridical) performance at both viewing distances.
Viewing Condition M ea n S D
Static M onocular 122 80
Monocular Motion 64 49
Static Binocular 37 40
Binocular Motion 36 4 2
Table 3.3. Group (n=4) depth judgement performance indices (expressed as a percentage o f a 
veridical setting). Th e  mean is the unsigned average deviation from the veridical point.
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T he results in figure 3 .4  and table 3 .3  ind icate observers’ settings w ere extrem ely  
inaccurate (m ean: 122% ) and unreliable (SD : 80% ) in the static m onocular cond ition . 
T here w as a sign ifican t d ifference in observers' settings betw een  v iew in g  con d ition s  
(F3 9=8.2; p < 0 .0 1 ). T h e results o f  a p ost-hoc T u k ey  H S D  (see  table 3 .4 ) sh ow ed  that 
perform ance w ith in  the static m onocular con d ition  d iffered sign ifican tly  (p < 0 .05 )  
from  that in the b inocular (static and m otion) con d ition s and that its d ifference w ith  
the m onocular m otion  con d ition  approached s ig n ifica n ce  (p < 0.1). A lthough table 3 .4  
also  revealed  there w ere no sign ifican t d ifferen ces b etw een  any o f  the three ‘depth  
c u e ’ cond itions the perform ance in d ices (see  tab le 3 .3 ) sh ow ed  that the m ean setting  
error w as on average 75%  greater w ith in  the m onocular m otion  condition . T he  
relatively  poor perform ance w ith in  the m onocular m otion  cond ition  w as attributable 
in part to the ob servers’ low er  sen sitiv ity  for th is cu e (indicated  by the results for the  
nulling  task). A d d itionally , D urgin  et al (1 9 9 5 ) dem onstrated that the derivation o f  
m otion  parallax sca lin g  param eters required m ore inform ation, and that they are m ore  
d ifficu lt for observers to obtain, than those for b inocular disparities. If observers are 
less  sen sitive  to relative m otion  and m otion  sca lin g  param eters than disparities and  
their associated  sca lin g  param eters then th is sh ou ld  e ffec t the relative perform ance  
w ithin  the m onocular m otion  and binocular v iew in g  cond itions. H ow ever, the ratio o f  
the S D s betw een  the b inocular cond itions and the m otion  parallax w as 1.2, w h ich  w as  
considerably  less  than found  for the n u llin g  task. It is  p ossib le  the visual system  
m ight not be deriving m otion  sca lin g  param eters but u sin g  U llm an's (1 9 7 9 ) proposal 
to derive shape up to a s ize  sca lin g  factor w ith  d eviation s from  a veridical percept 
b eing  caused  by n o ise  in  the m easurem ent o f  m otion . H ogervorst and E agle  (1 9 9 8 )  
proposed a B ayesian  m od el for interpreting depth from  structure from  m otion  
inform ation that predicts system atic distortions in  p erceived  depth that are cau sed  by, 
but not linearly related to, n o ise  in  early m otion  m easurem ents.
It can be seen  from  figure 3 .4  that the observers' bias rem ained approxim ately  
constant across the tw o  v iew in g  distances in the m onocular m otion  cond ition , w hich
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im p lied  that the v iew in g  distance w as taken into account to som e degree. A lthough  
figure 3.1 ind icated  that for both b inocular cond itions the m agnitude o f  the observers' 
depth settings w ere larger at the far (3 0 0  cm ) v iew in g  d istance the d ifference fa iled  to 
reach sign ifican ce (F{)3= 2 .7 4 ; p > 0 .0 5 ). T here w as little, i f  any, ev id en ce  o f  settings 
w ith in  the b inocular con d ition s b ein g  im proved  by the addition o f  m otion  
inform ation, i.e . the perform ance indicators in table 3 .3  and figure 3 .4  are o f  a sim ilar  
m agnitude for both binocular con d ition s.
Viewing Condition Monocular
Motion
Static
Binocular
Binocular
Motion
Static M onocular 
M onocular Motion 
Static Binocular
3 2 .8 3 9  2 7 .4 2  2 7 .1 0 5
.071 .01* .009*  
.552  1 
.509
Table 3.4. Sum m ary o f the post-hoc Tu ke y H S D  test comparing the four view ing conditions. 
Significant results (p <.0 5) are marked with an asterisk.
T here w ere large system atic  b iases from  a veridical percept w ith in  all v iew in g
con d ition s. O ne w ay  t-tests revealed  a sign ificant deviation  (p < 0 .0 5 ) from  zero
(verid ical) for all three ‘depth c u e ’ con d ition s2. F igure 3 .4  clearly  sh ow s observers’
depth settings w ere generally  greater than the target s ize , w h ich  indicated  a
com p ression  o f  p erceived  depth sim ilar to that reported in previous studies (G ogel,
1960; F o ley , 1980; T od d  & B ressan , 1990; T itle  et al, 1995; G lennerster et al, 1996;
N orm an et al, 1996).
In order to quantify the degree to w h ich  v iew in g  distance w as taken into account in  
the observers’ depth settings the raw results w ere converted  in to  ‘e ffec tiv e  sca lin g  
d istan ces’ (F oley , 1980). T he m athem atical techniques used  w ere equ ivalent to th ose  
described  by B radshaw  et al (1 9 9 8 ) and van D am m e & B renner (1997). T he
2 N orm ally the multiple use o f t-tests on a set o f data requires the adjustment o f the p-value o f the tests 
using the highly conservative Bonferoni correction. T h is  is because the probability o f each t-test being 
significant is additive and so the probability o f a single type I  error (one test being significant) is 
increased. However, the probability o f all three t-tests being significant is less than .05.
com putation  w as based on the assum ption  that any error in the ob servers’ settings is 
due to a m is-estim ate o f  the v iew in g  distance. C onsequently , the e ffec tiv e  scaling  
d istance3 w as the d istance at w h ich  the ob servers’ setting in units o f  disparity w ou ld  
correspond to a verid ical resp on se (i.e . a depth interval o f  20  or 4 0  cm ). From  section  
1 .3 .1 , the observed  disparity (r|) is  approxim ated by:
n  =  4  (9)D
T his equation w as then rearranged w ith  the veridical response (v ) substituted for the
ob served  depth (5) and the sca lin g  d istance (D s) for the v iew in g  d istance to g iv e  the
fo llo w in g  expression:
0  ~ r)D; - I v  (10)
T his w as then so lv ed  as a quadratic equation to g iv e  the ‘e ffec tiv e  sca lin g  d istan ce’. 
T he transform ed data w as then p lotted  as ‘v iew in g  d istan ce’ against ‘e ffec tiv e  sca ling  
d istan ce’. T his is presented in figure 3 .5a  w ith  the diagonal hatched line ind icating a 
perfect correspondence b etw een  the estim ated  and actual v iew in g  distance. T he ratio 
o f  the ‘e ffec tiv e  sca lin g  d istan ce’ to the ‘v iew in g  d istan ce’ (exp ressed  as a 
percentage) is illustrated in figure 3 .5b  as th is directly sh ow s the degree o f  depth  
constancy  betw een  the tw o  v iew in g  distances. T he hatched lin es represent a perfect 
correspondence betw een  estim ated  and actual v iew in g  distance. A n y horizontal line  
in figure 3 .5b  indicates co m p lete  depth constancy  (e.g . depth estim ates are the sam e  
proportion o f  the veridical setting at both d istances) but on ly  the hatched lin e  denotes 
a verid ical estim ate o f  depth (a proportion o f  1).
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3 Although the monocular motion condition does not generate binocular disparities they can be 
converted into units of equivalent disparity (Rogers &  Graham , 1982). Th e  observer travels through 
twice the interocular distance and so the same angular displacements were created in the spatio- 
temporal domain as in the spatial dom ain (binocular conditions). See section 1 .3 .2 .
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Figure 3.5. Th e graphs plot (a) the ‘estimated’ scaling distance at which the angular extent of  
the depth settings would have been veridical as a function of the physical viewing distance, 
and (b) the ratio of the ‘estimated scaling’ and actual viewing distance. T h e  different symbols 
represent the individual viewing conditions: monocular motion condition (O ), static binocular 
view ing ( A )  and binocular motion view ing (A). Th e  dashed line indicates a perfect 
correspondence between estimated and actual distance.
T he results in figures 3 .5a  and 3 .5b  clearly  sh ow  that although the ob servers’ settings  
depart from  a verid ical percept they appear to take the d ifferent v iew in g  d istances into  
account. For both b inocular con d ition s (static and m otion), ob servers’ estim ates o f  
sca lin g  distance declined  sligh tly  w ith  the physica l v iew in g  d istance denoted by  
slo p es o f  le ss  than 1 w ithin  figure 3 .5 b  (see  F o ley , 1980; Johnston, 1991). There w as  
little apparent benefit for observers' perform ance w hen disparity inform ation w as  
supp lem ented  by the presence o f  m otion  parallax inform ation. In the m onocular  
m otion  cond ition , the sca ling  d istance w as underestim ated by a relatively  constant
proportion (estim ates w ere -7 5 %  o f  verid ica l)4 across both v iew in g  distances and w as  
considerab ly  less  accurate than w ith in  the b inocular conditions.
O verall, the results o f  the experim ent sh ow  neither the near perfect (verid ical) 
perform ance reported by D urgin  et al (1 9 9 5 ) and Frisby et al (1 9 9 6 ) nor the extrem ely
4 Throughout the thesis when referring to constancy ratios from the graph are converted to percentages 
by m ultiplying by 100.
poor lev e ls  o f  depth con stan cy  reported by Johnston (1 991). H ow ever, m any other  
studies (G ogel, 1960; F o ley , 1980; W agner, 1985; L oom is et a l, 1992; T ittle  et al, 
1995; N orm an, et al 1996; G lennerster et al, 199 6 ) have found qualitatively  sim ilar  
results to th ose w ith in  this study, i.e . a system atic  com pression  o f  absolute distance. 
T hough the exact d egree o f  com pression  and con stan cy  w ithin  these experim ents  
appears to be a function  o f  the prevailing v iew in g  con d ition s and available cu es. For  
exam ple, N orm an et al (1 9 9 6 ) com pared ob servers’ assessm ents o f  the separation o f  
pairs o f  L E D s at a variety o f  v iew in g  distances and orientated at different angles to the 
fronto-parallel p lane. T h ey  found perform ance on the basis o f  disparity or parallax  
inform ation w as inaccurate (a m ean setting error o f  38% ) and w as o f  sim ilar  
m agnitude to that fou n d  w ith in  the b inocular con d ition s o f  the current experim ent (a  
m ean setting error o f  36 .5% ) but it w as considerab ly  better than w ithin  the m onocular  
m otion con d ition s (a m ean setting error o f  64% ).
H ow ever, their exp erim en t w as perform ed in a d im ly  illum inated  environm ent w ith  a 
v isib le  textured ground-plane provid ing cu es unavailab le w ith in  this experim ental se t­
up. T he extrem ely  accurate perform ance found  by D urgin et al (1 9 9 5 ) m ight a lso  be  
partially exp la in ed  b y  their u se  o f  an illum inated  structured v iew in g  environm ent and 
additionally  to the u se  o f  textured surfaces as experim ental stim uli (these issu es are 
considered  further w ith in  chapter 6). Frisby et al (1 9 9 6 ) com pared ob servers’ 
assessm en ts o f  the length  o f  a knarled stick  orientated at d ifferent angles to the fronto- 
parallel p lane under the four sim ilar v iew in g  cu e  conditions to those used  in this 
experim ent (see  their experim ent 5). T he on ly  m ajor d ifference w as that m otion  
parallax w as generated by object rather than observer m otion . T hey found a m ean  
setting error (across the three v iew in g  cu e  con d ition s) o f  14.1%  and a m ean S D  o f
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5.7% , w hich  are approxim ately a third and a seventh  o f  their resp ective  values w ithin  
the current experim ent. H ow ever, ob servers’ perform ance w ith in  the static m onocular  
v iew in g  condition  w ithin  this experim ent w as surprisingly g o o d  (m ean: 10% and SD : 
5.5% ) and actually m ore accurate and reliable than settings w ith in  the three 'depth cue' 
cond itions. Frisby et al did fin d  that observers w ere least accurate w ith in  the static  
m onocular condition  in so m e o f  their other experim ents (see  their experim ents 4  and 
6). H ow ever, observers’ settings w ithin  static m onocular v ie w in g  cond itions w ithin  
th ese experim ents w ere still m ore accurate and reliab le than w ithin  the current 
experim ent, or th ose o f  N orm an et al (1 9 9 6 ), for cond itions w ith  binocular disparities  
or m otion  parallax cu es present. T h is strongly indicates that there w ere residual cues, 
or artefacts, w ith in  Frisby et als' experim ental set-up that enhanced ob servers’ 
perform ance. T herefore, the results o f  their experim ent appear consisten t w ith  
previous studies that su ggested  the prevailing v iew in g  con d ition s have a large effect  
on the degree o f  con stan cy  that an observer dem onstrates. A  su ggestion  considered  
further in experim ent 6.1 (see  chapter 6) that assessed  ob servers’ depth constancy in a 
fu lly  illum inated  environm ent.
In con clu sion , the perception  o f  depth under these v iew in g  cond itions can be  
system atica lly  distorted. O bservers cou ld  perform  the n u llin g  task, under the sam e  
v iew in g  cond itions, p rec ise ly  and w ithout bias. C onsequently , their d ifficu lty  w ithin  
th is task w as con sisten t w ith  an inability  to  accurately recover appropriate depth  
sca lin g  parameters. T h is w as attributed to the im p overish ed  v iew in g  conditions, 
w h ich  rem oved  additional inform ation that m ay have facilitated  ob servers’ 
perform ance in previous studies. H ow ever  it still rem ains p ossib le  w ithin  the 
m onocular m otion  con d ition , that observers perform ed the task by ju d gin g  the
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stim ulus shape directly u sin g  the rotational com ponent o f  its m otion  (U llm an , 1979) 
and not the sca ling  param eters, a p ossib ility  that is considered  further in chapter 5.
3 .4  E x p e r im e n t 3 .3  - D e p th  M a tc h in g  T a sk
T he first tw o  experim ents had dem onstrated that observers w ere capable o f  accurately  
perform ing a task in v o lv in g  a ju d gem en t o f  relative depth (experim ent 3 .1 ) but that 
they w ere not capable o f  recoverin g  an accurate m etric representation o f  the scene  
structure under these v iew in g  con d ition s (experim ent 3 .2). T h ese  experim ents w ere  
interpreted as ind icating that observers cou ld  u tilise  m easures o f  disparity, or relative  
m otion , but not accurately recover sca lin g  param eters to calibrate them . A dditionally , 
they dem onstrated that observers cou ld  not accurately recover shape up to an 
isotropic s ize  sca lin g  factor u sin g  U llm an's (1 9 7 9 ) proposal. T he prim ary aim  o f  the 
current experim ent w as to a ssess w hether observers cou ld  m ake use o f  additional 
inform ation source to calibrate d isparities or parallax in form ation , w hen that 
inform ation is theoretically  su ffic ien t to perform  the task but not to derive a m etric 
(E uclidean) representation o f  the scen e  structure. It is  p o ssib le  that w h ilst the visual 
system  is  capable o f  u tilis in g  disparities or parallax directly  (experim ent 1) it w ill 
alw ays attem pt to recover the E uclidean  structure for other tasks. T he deviations from  
veridical perception that w ere found  in experim ent 2 m ay m erely  reflect d ifficu lty  
recoverin g  the necessary additional inform ation to do this. H ow ever, another 
p ossib ility  is that the v isual system  is able to em p loy  a range o f  different strategies 
depending on the requirem ents experim ental task and on the inform ation available  
(G lennerster et a l, 1996). In th is experim ent the observers’ task w as to adjust the
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base-to -ap ex  height o f  a probe triangle to  m atch the base-to-apex  height o f  a f ix ed  
reference triangle o f  L E D s located  at a different v iew in g  distance. For a sim ilar depth  
m atching task G lennerster et al (1 9 9 6 ) noted  disparities, and p o ssib ly  relative m otion  
inform ation, cou ld  be sca led  using  the ratio o f  the angular s ize s  o f  the stim uli to  
estim ate the ratio o f  their absolute d istances from  the observer.
3.4.1 Method
A ll details o f  the m ethod are as for experim ent 3.1 un less otherw ise noted.
3 .4 .1 .1  Apparatus
In addition to the apparatus used  in the previous tw o experim ents three fix ed  reference  
L E D s, w hich  form ed a triangle w hen  v iew ed  from  above, w ere present throughout the 
experim ent. T he fix ed  reference triangle w as position ed  w ith  its base orthogonal to  
the centre lin e  at a d istance o f  2 1 2  cm  from  the observer. T he triangle’s base L E D s  
w ere separated by 4 0  cm  (w h ich  projected 5 .4°  either side o f  the centre lin e), and the  
base-to -ap ex  height w as f ix ed  for each  trial at either 20  or 60  cm  (2 2  arc m in and 84  
arc m in  in term s binocular, or eq u ivalen t, disparity). T he reference w as p osition ed  
1.8° above the horizontal p lane o f  the rem aining L E D s. T he probe L E D s w ere  
identical to that used  in experim ents 3.1 and 3 .2  excep t the d istance betw een  the base  
L E D s w as fix ed  at 4 0  cm . T h ese  s iz e s  w ere ch osen  such that the angular extent ( - 5  
arc m in ) o f  the relative d isp lacem ent b etw een  the fix ed  and adjustable L E D s, for the  
sm allest setting w h ich  observers m ade (20  cm  at the 30 0  cm  v iew in g  d istance), w as
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w ell above the typical detection  thresholds for relative and absolute d isp lacem ent (<1 
arc m in) (M cK ee, W elch , T aylor & B ow n e, 1990).
T a s k :  a d ju s t  f la s h in g  L E D  to  m a tc h  r e f e r e n c e  c o n f ig u r a t io n  ( h =  b )
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Figure 3.6. Illustrates the procedure for the matching task. In the diagram, the task is being 
performed at 15 0  cm. The dotted circle represents an adjustable flashing L E D  which the 
observer moves along the centre line until it appears to be distance h from the m id-point base 
L E D s  (represented by open circles), where h is equal to the height (b) o f the target L E D s  
(denoted by the striped circles). The closed circles represent the position of the base L E D s  
when the task is performed at 300 cm and the dotted lines projecting from the observer denote 
a visual angle o f 7 .6 °.
3 .4 .1 .2  D esign  and Procedure
The observer w as required to adjust the base-to-apex height o f  a probe triangle, to 
equal that o f  a reference triangle. T he base o f  the probe triangle lay either 150 or 300  
cm  from  them  and the base o f  the reference w as fix ed  at a d istance o f  212  cm  (see  
figure 3 .6 ). T he physical separations o f  the base lights o f  the reference and probe 
triangles w ere the sam e. The base-to-apex height o f  the reference triangle w as set at 
random for each trial (to either 20  or 6 0  cm ). T he initial position  o f  the apex light on  
the probe triangle w as random ised either side o f  the veridical position , and its position  
cou ld  then be adjusted by the observer. A ll other aspects o f  the procedure w ere as 
sp ecified  in experim ent 3 .1 .
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3.4.2 Results and Discussion
A s w ithin  the shape task the sen sitiv ity  o f  ob servers’ settings w ere proportional to the  
depth o f  the reference, i.e . either 20  or 60  cm . C onsequently , ob servers’ settings for  
the large (60  cm ) triangle w ere d iv ided  by three so  that they w ere directly  com parable  
to those for the sm all (2 0  cm ) triangle. A s exp ected  their w a s no sign ificant d ifference  
betw een  settings for the tw o  triangles (F i,3=5.579 p > 0 .0 5 ) and so  settings for both  
triangles w ere com b in ed  for all further analysis. T able 3 .5  sh o w s the m ean setting  
error (accuracy) and S D  (reliab ility) o f  the observers’ settings (averaged across 
v iew in g  d istances and referen ce s ize ) exp ressed  as percentages o f  a veridical setting.
150 30 0
V i e w i n g  D i s t a n c e  ( c m )
Figure 3.7. Plots the combined mean (n=4) depth settings for the sm all and large triangles, in 
cm , as a function of view ing distance with the error bars representing ± 1 S E .  The different 
symbols represent the individual viewing conditions: static monocular view ing (• ), monocular 
motion condition (O ), static binocular viewing ( A )  and binocular motion viewing (A). Th e  
dashed horizontal line indicates veridical settings.
Viewing Condition M e a n  S D
Static Monocular 
M onocular Motion 
Static Binocular  
B inocu lar Motion
-25  100  
-8 34  
-15  12  
-10  20
Table 3 .5 . Th e  mean (across distance and reference size) performance indices (expressed as 
percentages o f veridical values).
B oth  table 3 .5  and figure 3 .7  sh ow  that observers m ade their least accurate and 
reliable settings w ithin  the static monocular condition. B oth  the m ean setting error 
and S D  (see  table 3 .5 ) w ere considerab ly  greater (betw een  66%  and 733% ) than those  
found w ith in  any o f  the ‘depth c u e ’ con d ition s. H ow ever, there w ere no sign ificant 
differences in ob servers’ m ean setting errors betw een any o f  the three ‘depth c u e ’ 
v iew in g  conditions (F3j9= 0 .1 0 2 , p > 0 .0 5 ).
For the ‘depth c u e ’ con d ition s, figure 3 .7  and table 3 .5  ind icate that observers' 
settings dem onstrated a very d ifferent pattern to those for the shape task (see  figure
3 .4  and table 3 .3 ). F irstly  for all v iew in g  con d ition s, observers' settings w ere m ore 
accurate and reliab le than w ith in  the shape task (averaged across 'depth cue' 
con d ition s observers had a m ean o f  -1 1 %  com pared to -4 6 %  and an average SD  o f  
-2 2 %  com pared to -4 4 % ). A d d ition a lly , unlike the shape task  on e-w ay  t-tests 
revealed  observers dem onstrated n o  sign ifican t bias (p > 0 .05) w ith in  any o f  the ‘depth  
c u e ’ cond itions. S econ d ly , figure 3 .7  ind icates a slight tendency for observers to 
underestim ate the m agnitude o f  the depth interval in contrast to  the overestim ates  
produced w ith  the shape task (see  figure 3 .4 ). F inally , perform ance w as apparently 
m ost accurate w ithin  the m otion  parallax cond ition  (see  table 3 .5 ). H ow ever, figure
3 .7  sh ow s that parallax settings w ere h igh ly  accurate at the near v iew in g  distance  
(1 5 0  cm ) but less  accurate than the other depth cond itions at the farthest d istance (300  
cm ). T his variability in the parallax settings is reflected  in the com paratively  high S D  
in com parison w ith the other 'depth cue' cond itions.
T his raises the question o f  h ow  m uch o f  the additional variability in the m onocular  
m otion  condition  is  attributable to  the v isual system ’s low er sen sitiv ity  to relative  
m otion . T he ratio o f  the average S D s  o f  the b inocular con d ition s to the m onocular
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m otion  parallax cond ition  in  experim ent 1 (2 .0 3 ) is extrem ely  c lo se  to that for  
experim ent 3 (2 .1 3 ). T h is su ggests that d ifference in variability b etw een  the 
m onocu lar m otion  and binocular con d ition s m ay be largely due to d ifferences in their 
relative sensitiv ity . Furtherm ore, it su ggests that the results in the m onocular m otion  
con d ition  are b ein g  calibrated u sin g  a param eter w ith  the sam e degree o f  variability as 
that used  in the b inocular con d ition s. T he sim p lest interpretation o f  this is that the 
sam e sca lin g  param eter is u sed  w ith in  all cond itions, i.e. the ratio o f  the angular s ize  
o f  the target and probe triangles.
F igure 3 .7  ind icates there w as little  d ifference in settings for the tw o binocular  
con d ition s (static and m otion). T herefore, it appears that as for the tw o earlier tasks 
(experim ents 3.1 and 3 .2 ) ob servers’ sen sitiv ity  to disparity inform ation w ithin  these  
con d ition s is so  m uch better than for m otion  parallax that they can get no additional 
b en efit from  the presence o f  both cu es.
T o  further com pare perform ance w ith  the shape task the m ean settings w ere  
transform ed into ‘estim ated  sca lin g  d istan ces’. T his procedure w as based on that 
used  by G lennerster et al (1 9 9 6 ) but it w as m od ified  as in their procedure the probe  
surface w as at a fix ed  v iew in g  d istance w h ilst the reference surface w as presented at 
different d istances (the op p osite  o f  the arrangem ent o f  the stim uli in this experim ent). 
G lennerster et al assum ed the d istance to the f ix ed  probe surface w as know n and so  
u sed  the ob servers’ setting o f  th is probe surface as an indication  o f  the p erceived  s ize  
o f  the reference surface. T he sca lin g  d istance w as taken as the d istance at w hich  the  
disparity o f  the reference surface w o u ld  correspond to a physical depth interval o f  the  
s iz e  o f  the ob servers’ setting. For the p u ip o ses  o f  this study the calcu lation  w as m ade  
assu m in g that the d istance to the f ix ed  reference surface w as know n (rather than the
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probe surface). Therefore, the scaling distance was the distance at which the disparity 
o f the probe triangle’s depth, as set by the observer, corresponded to a physical depth 
interval o f the size o f  the reference surface (which was fixed  at 20 or 60 cm ). As a 
consequence the resulting calculation was mathematically equivalent to that used for 
the shape task. The converted results were again plotted as (z) ‘view ing distance’ 
against ‘estim ated scaling distance’ (figure 3.8a), and (ii) the ratios o f  the ‘estimated
scaling distance’ to the ‘view ing distance’ (figure 3.8b).
Figure 3.8. The combined data for both triangles is plotted as (a) the scaling distance at 
which the angular extent o f the depth settings would have been veridical as a function o f the 
physical viewing distance, and (b) the ratio o f the scaling distance to the viewing distance as a 
function of the viewing distance. The different symbols represent the individual viewing 
conditions: static monocular viewing ( • ) ,  monocular motion condition (O), static binocular 
viewing (A) and binocular motion viewing (A). The dashed line indicates perfect 
correspondence between estimated and actual viewing distance.
The results in figures 3.8a and 3.8b show that observers’ settings exhibit only a small 
departure from veridical and that they appear to take the different view ing distances 
into account. Observers tended to overestim ate the scaling distance although this 
tendency declined slightly with absolute distance for both binocular conditions and 
increased for the monocular motion condition.
The scaling distance conversion allow ed the observers’ settings to be compared 
directly with those from the shape task to see if  there was evidence o f  observers 
em ploying a different strategy to com plete the task. This might have been 
demonstrated in three ways: (/) a higher precision in the estim ation o f the ‘effective  
scaling distance’, (ii) greater constancy (though given the relatively high levels o f  
constancy within the shape task this was unlikely) and (iii) a different pattern o f 
biases. Figures 3.8a and 3.8b indicate that differences in the patterns o f these results 
do exist between the shape and matching tasks and so indicate that observers em ploy  
different strategies to com plete the two tasks. For the matching task, estimated  
scaling distances are generally more accurate and demonstrate a sm aller bias although 
in the opposite direction to that for the shape task (see figures 3.5a and 3.5 b). A s 
within the shape task there w as little difference in performance between the two 
binocular conditions, w hich was again probably attributable observers’ performance 
in the static binocular condition being so accurate that no improvem ent could be 
gained from using the additional m otion information.
In conclusion, the results o f  this study indicate that the nature o f the experimental task 
may have an important effect on the observers’ performance in a depth assessment 
task (Glennerster et al, 1996). Specifically, they are consistent with the visual system  
sw itching strategy on the basis o f  available information and the demands o f a 
particular task (Rogers & Bradshaw, 1995a; Glennerster et al, 1996). The 
improvem ent in observers' accuracy in comparison with the shape task suggests that 
observers use an estim ate o f the ratio o f the view ing distances between the two 
objects rather than derive the absolute egocentric distance o f  the probe. Further, these 
results show  that observers can calibrate motion parallax information, as w ell as
I l l
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disparity information, using measurements o f local parameters from within the visual 
scene.
3 .5 G eneral D iscu ssion
A major aim o f  the experiments within this chapter was to investigate whether the 
visual system  always derives a full metric (Euclidean) representation o f scene  
structure when performing a visually guided depth judgement task. The sources o f  
information from which observers could potentially derive a metric representation 
were constant across all three tasks. H ence, if  the visual system  were reliant upon a 
single type o f representation the pattern o f  biases should have remained the same 
across these tasks. H owever, there w ere considerable variations between the accuracy 
and reliability o f observers' settings across the different tasks, which was consistent 
with them being com pleted on the basis o f  different representations (Glennerster et al, 
1996).
The results demonstrated that the visual system  switched strategies and used different 
com binations o f information depending upon both the demands o f  the task and the 
range o f available information (Glennerster et al, 1996). Firstly, in the nulling task, 
observers' settings for all tested com binations o f depth cues were extrem ely accurate 
and reliable in comparison with those for the shape task (see tables 3.1 and 3.3). 
These results were consistent with observers com pleting the nulling task by merely 
detecting and m inim ising relative m otion or disparities. A  suggestion that was further 
supported by the difference in sensitivity between disparity and m onocular motion
conditions, which was o f  a similar magnitude to the difference in detection thresholds 
reported in previous studies (Rogers & Graham, 1982; Bradshaw & Rogers, 1996). 
Secondly, observers’ settings within all 'depth cue' conditions o f the matching task 
were much more accurate and reliable than for the shape task. The matching task 
could not, unlike the nulling task, be com pleted by detecting and m inim ising  
disparities, or relative motion. Furthermore, the information within the scene that 
could be used to specify the metric structure was equated for the matching and shape 
tasks. Therefore, i f  the same representation were used to com plete any o f the tasks it 
w ould be expected that the same pattern o f  biases w ould occur for each o f those tasks. 
As this was clearly not the case the observers’ performance in the matching task was 
attributable to the use o f a different strategy (and internal representation) than that 
used for either o f the other tasks. The results confirm Glennerster et cils' (1996) 
suggestion that disparities could be calibrated by a local scene measurement, i.e. using  
the ratio o f  the angular sizes o f the reference and probe stimuli to estim ate the ratio o f  
their absolute distances from the observer. They also extend the Glennerster et cits' 
findings by demonstrating that the sam e strategy can also be im plem ented to calibrate 
m otion parallax information. The change in pattern o f the observers’ performance 
between the shape and matching tasks was qualitatively very similar in the monocular 
m otion and disparity conditions (see section 3.4.2).
The results o f the shape task demonstrated that under these im poverished view ing  
conditions the visual system  cannot recover an accurate metric representation o f scene 
structure on the basis o f  disparity and/or relative motion information. In all 'depth 
cue' conditions o f the shape task observers demonstrated a significant bias away from  
a veridical setting, which was consistent with a m is-estim ations o f  scaling parameters
113
(Foley, 1980; Johnston, 1991). This confirm s the results o f a number o f  other studies 
that have found large deviations from constancy using computer simulated stimuli 
(e.g. Todd & Bressan, 1990; Johnston, 1991; Tittle et al, 1995; Glennerster et al, 
1996; Norman et al, 1996). However, the replication o f these results with physical 
stimuli in the shape task demonstrated that the deviations from constancy cannot be 
merely attributable to conflicting depth cues inherent within stimuli displayed on 
CRTs (Frisby et al, 1996). Furthermore, when considered alongside the results o f  the 
other tasks they suggest that the degree o f  constancy demonstrated in a particular 
experiment is determined by the range and nature o f available information sources 
within the view ing environment and the demands o f the task. The results are 
consistent with the suggestion that the accurate performance reported in previous 
studies using physical stimuli were due to the presence o f pictorial cues within their 
well-structured view ing environment (Durgin et al, 1995), surface texture cues (Frisby 
& Buckley, 1992) and artefacts o f  the experimental view ing situation (Frisby et al, 
1996). The extent to which performance im proves within view ing environments with  
a richer array o f  depth cues is considered further with chapter 6.
A  question left open by these experiments is whether the visual system  ever com putes 
a metric representation o f  the scene structure. A s noted above, the results o f  the three 
experiments within this chapter have demonstrated that the visual system  is capable o f  
utilising a range o f  strategies to com plete tasks. Therefore, in a view ing environment 
within many sources o f  information available it is difficult to assess precisely which  
sources are being utilised to com plete a task. It is possible that the visual system  has 
many strategies, like that apparently em ployed with the matching task, which enable it 
to com plete tasks accurately without calculating a metric representation. Alternately,
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when a range o f cues are available it may be comparatively easy to derive accurate 
distance estimates and as a consequence a metric representation o f  the scene structure. 
These issues are considered further in the discussion o f  the two experiments in 
chapter 6.
The experiments within this chapter also exam ined whether the visual system could  
make use o f two other strategies to avoid deriving metric scene structure: (z) Ullman's 
(1979) proposal that rotational com ponent o f object motion can be used to derive its 
depth structure up to an isotropic size scaling and (ii) Richards (1985) suggestion that 
the simultaneous presence o f  disparity and motion information could used to derive 
veridical size and depth by mutually constraining the range o f possible interpretations. 
The large biases found within the shape task for both clearly show ed that neither 
proposal could be utilised by the visual system within the current view ing conditions 
to derive an accurate representation o f  stimulus depth. H owever, it is possible that 
either, or both, o f these strategies are utilised and that the biases might be introduced 
by noise within the measurement o f  retinal motion. Hogervorst & Eagle (1998) have 
proposed a Bayesian m odel for the interpretation o f SFM  information which produces 
similar biases caused by, but not linearly related to, noise in early motion  
measurements. N onetheless, i f  either proposal could produce an effective assessment 
o f depth it might be expected that observers would use them within both the shape 
and matching tasks. This w as clearly not the case the variations in observers' settings 
between the shape and matching tasks demonstrated that different strategies were used  
to com plete them. Additionally, for every task observers' performance in the 
com bined cue condition was comparable to that for disparity alone and so the visual 
system  did not seem  to exploit the two sources o f information in the manner proposed
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by Richards. The interaction between parallax and disparity was consistent with both 
a ‘weak fusion’ m odel o f  cue combination (see section 1.2) in which the cues are 
processed separately the com bined by weighted averaging or a strong fusion  
interaction like cue vetoing (Landy et al, 1995). Both o f these approaches are 
dependent upon on an assessm ent o f the relative reliability o f  the two information  
sources. This may mean that in situations where the comparative reliability and 
accuracy o f the two information sources is different then the interactions between  
them may also vary. This possibility is considered further in chapters 4 and 6, which  
consider observers' performance in a telepresence and w ell-illum inated multi-cue 
environments.
In summary, the visual system  does not appear, at least under these view ing  
conditions, to be capable o f  the derivation o f an accurate metric representation o f 3-d  
scene structure. H owever, it can make use o f  a range o f other representations 
depending on the requirements o f the perceptual tasks and the available information. 
The existence o f this range o f strategies means that performance may vary 
tremendously depending upon both the prevailing viewing conditions and the specific  
demands o f the experimental task.
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4.1 In troduction
Telepresence system s are observer controlled machines which attempt to convey  
sufficient sensory information from a remote environment to allow interaction and 
performance o f tasks with the same level o f  efficiency as i f  actually present at that 
location (Browse & M cDonald, 1991). They are being used for an increasingly w ide  
range o f applications, e.g. inspection in nuclear plants, bomb disposal, work in space, 
applications undersea and minimal access surgery (M cGreevy & Stoker, 1990; 
Sheridan, 1992; Yamoto, 1992; Drascic & Grodski, 1993; Schebor, 1995; Huber, 
Taffinder, Jansen, Russell & Darzi, 1998). Furthermore, they potentially provide a 
useful tool within vision and other sensory research as they allow researchers a greater 
ability to control and manipulate sensory information from dynamic real world scenes 
(e.g. Rushton & W ann, 1999). A s a consequence there is considerable empirical 
interest in the optimisation o f these system s, especially quantifying the degree to 
which observers benefit from the transfer o f  specific sources o f sensory information. 
The experiments within this chapter addressed the extent to w hich the results 
presented in chapter 3 applied to remote view ing using a telepresence system , the 
im plications o f  changes in the view ing environment for m odels o f depth cue
1 A paper based on the material presented in this chapter has been published in the International 
Journal o f Cognitive Ergonomics.
CHAPTER 4
The Design of Telepresence Systems: An Application of the Task-Dependant Use
of Binocular Disparity and Motion Parallax Information.1
com bination and whether the tasks could form the basis o f  a performance taxonomy 
for the assessm ent and design o f these system s. Specifically, they exam ine whether 
the telepresence view ing condition has a differential effect upon the tested depth cues 
and as a consequence the strategies em ployed by the visual system  to com plete tasks. 
For exam ple, if  both binocular disparity and retinal motion thresholds were elevated  
to a similar level it would then be possible for the visual system  to benefit from sub­
threshold summation.
Telepresence system s require the accurate portrayal o f visual information about the 
depth and spatial layout o f objects within a scene. In system s that use traditional 
television (m onoscopic) displays conveying depth and distance information can be 
problematic because they often carry im poverished or conflicting information. More 
modern system s have addressed som e o f  these shortcomings by augmenting the 
available cues to include binocular disparities and motion information linked to the 
observer’s head m ovem ents (Asbery & Pretlove, 1995). However, it is often  
expensive in terms o f human, physical and financial resources to increase the fidelity  
o f the information relayed by these system s (Drascic & Grodski, 1993). Moreover, 
the potential benefits o f this extra expense are som etim es unrealised (Lippert, Post & 
Beaton, 1982) and occasionally upgrading a system  may actually increase problems 
(Wann, Rushton & M on-W illiam s, 1995). For exam ple, in normal view ing  
conditions vergence and accommodation vary in unison whereas in stereoscopic 
displays they must be decoupled —  operators must accommodate on the 2-d display 
screen to keep the visual information resolved whilst making vergence m ovem ents to 
objects lying at different depths within the scene. This decoupling causes several 
unwanted effects including physical problems such as eyestrain and headaches in
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addition to being a source o f cue-conflict regarding the depths displayed. However, 
Wann et al argued rather than solving these problems improving the screen resolution  
might actually worsen them as the improved resolution could act as a more effective  
stimulus for accommodation. Therefore, to optim ise the trade-off between observer 
performance, equipment limitations and the expense o f providing improved fidelity, it 
is essential to exam ine em pirically the extent to which providing additional depth cues 
improves (i) task performance and (it) the impression o f perceived depth. A  number 
o f factors have to be considered in this context: first, the cost o f  providing a specific  
source o f information; second, its potential effect (either positive or negative) on the 
observer; and third, the nature o f the information required for the successful 
com pletion o f  a particular task. The results from chapter 3 indicated the latter two 
factors would vary with the task to be performed and the sources o f  depth information 
available. A s a consequence, the intended purpose o f the system  must be taken into 
account at the initial design stage when it is decided which visual depth cues to 
convey.
A  number o f  recent studies have investigated the advantages o f stereoscopic displays 
although they often focused on a single task and neglected to analyse the information 
requirements o f the task, or available cues. These studies found divergent results with  
som e experiments demonstrating improved performance for operators using 
stereoscopic displays (Pepper, Smith & C ole, 1981; Drascic, 1991; Drascic & 
Grodski, 1993; Huber et al, 1998) w hilst others show little difference from using  
monoscopic displays (Lippert et al, 1982; M assim ino & Sheridan, 1994). Therefore, 
the current experim ents exam ine a range o f  carefully selected visually guided tasks 
(based on those used within chapter 3) and to assess the relative benefits afforded by
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different sources o f information when view ing a telepresence environment using a 
head mounted display (HM D).
A s before the experiments exam ined observers’ ability to use binocular disparity and 
m otion parallax information, alone and in combination, with extraneous cues removed  
via a dark view ing environment. H owever, view ing the experim ental scene using the 
H M D differs from direct view ing in two main ways. Firstly, as noted earlier 
observers accommodate upon the plane o f the view ing screen and not that o f the 
experimental stimuli. Frisby et al (1996) have argued that conflicts from  
accommodation are partially responsible for departures from constancy observed in 
earlier studies o f binocular depth perception. The use o f telepresence equipment 
allow s the same physical stim uli to be view ed whilst introducing accommodation  
conflicts that were directly analogous to those generated within computer simulated  
stimuli. This allows an assessm ent o f the degree to w hich this factor might be 
effecting perception w hilst holding other differences between stimuli constant. 
Secondly, the resolution o f the cameras and HM D potentially lim it observers’ acuity 
(see section 4.2.3). The precise effect o f  both changes in the view ing environment 
w ill depend on the way in which depth information is integrated. Therefore, the 
results o f  the experiments are o f both theoretical and practical significance.
In summary, the purpose o f  the present experiments was to determine the extent to 
w hich the visual system  could exploit different sources o f  information to support a 
variety o f  tasks in a telepresence environment. In particular, they exam ine the degree 
to which the relative performance in the various view ing conditions differed from that 
found within the direct v iew ing experiments (see chapter 3). This information could, 
in turn, be used to inform the design o f future telepresence system s, and to further
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understand the mechanisms by which the disparity and motion information are 
processed alone and in combination.
4 .2  T he T elep resence E q u ip m en t
4.2.1 The H ea d  M oun ted  D isp lay .
The stimuli were view ed using an ‘EyeGen 3 head mounted display’ manufactured by 
Virtual Research (USA ). This has tw o CRT displays subtending 32° (horizontally) by 
24° (vertically) with a resolution o f 493 by 250 lines. The screens displayed a full 
colour im age by decom posing the NTSC  input signal into separate red, green and blue 
fields that were displayed at a rate o f 180 H z on the black and w hite CRTs. A s each 
field  was displayed a synchronised filter o f the appropriate colour (e.g. a red filter for 
the red field) was positioned in front o f  the screen. This results in the percept o f a 
flicker free colour im age that is refreshed at an effective rate o f 60 Hz. The 
interpupillary separation o f the screens could be adjusted within the range 50-74 mm2. 
The H M D and cable w eighed 1 kg.
4.2 .2  The C am eras
The im ages o f the experimental scene were relayed to the HM D by two Panasonic 
W V -K S152 industrial CCD colour video cameras. These had a resolution o f 625 
(horizontally) by 430 lines (vertically) which is standard PAL video format. These
2 W hen testing 106 male adult observers Howard (1919) found a range of interpupilary distances of 
58.5-72.5 mm with only three observers above 70 mm or below 60 mm. Hence, the range of 
adjustment available on the HMD covers the normal range of ocular separation found in the adult 
population.
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im ages were converted to a NTSC  signal before being relayed to the HM D. Each 
camera w eighed 16 g, was 17 m m  in diameter and 52.5 mm long.
4.2.3 Visual Acuity Using the Telepresence Equipment
The effective visual acuity supported by the cameras and HM D was determined using  
a resolution (or grating) acuity technique. The test stimuli consisted o f two laser- 
printed gratings covering an area o f 19.2 by 27.4 mm on an A 4 sheet. Each grating 
contained a series o f 1, or 2, m m  w ide horizontally orientated black strips separated 
by a white gap o f the same width. Tw o observers (with corrected to normal vision) 
view ed each o f the test gratings monocularly. For each trial one o f  the test gratings 
started at a random position in front o f  the camera and was then m oved backwards or 
forwards by the experimenter under the direction o f the observer. The trial stopped  
when the observer was satisfied it was at the final position at which they could resolve  
an individual line. This procedure was repeated six times for both stimuli and each 
camera. The distances for the 2 mm stimuli were divided by two and all o f the results 
were then averaged together. The mean distance at which observers could still resolve  
a 1 mm line elem ent was 36.59 cm  (SD 1.85 cm ). Hence, observers’ acuity within the 
telepresence system  was 9.39 arc min (i.e. the visual angle o f a 1 mm elem ent at 36.59  
cm). W hen tested with the stimuli under direct (real world) view ing conditions the 
same observers' acuity was 1.1 arc min.
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The experimental task, as for experiment 3.1, was to adjust a central LED so it 
appeared co-linear with two fixed  LEDs positioned either side of, and orthogonal to, 
the centre line (see figure 3.1). Experiment 3.1 had already demonstrated that within 
a reduced cue environment observers com pleted a depth nulling task by detecting and 
m inim ising binocular disparities or relative motion. Therefore in the current task the 
observers’ mean setting error was taken as their operational acuity for each view ing  
condition when looking at a scene through the telepresence equipment. This should  
be higher than directly view ing a scene for all o f the cue conditions due to the 
limitations on the observers’ acuity im posed by the telepresence equipment. 
However, the experim ent assessed whether this, and the other constraints im posed by 
the equipment, had an equal effect on observers’ sensitivity within all o f the 
combinations o f  v iew ing cues.
4.3.1 Method
4.3.1.1 Observers
Five observers (three fem ales and two m ales) participated in the experiment. Four 
were naive to the purpose o f the experim ent and had only lim ited experience o f  
psychophysical experiments. One observer had participated in the experiments within  
chapter 3. A ll had normal or corrected-to-normal, visual acuity, and a stereoacuity o f  
<20 arc sec.
4.3 Experiment 4.1 - Telepresence Nulling Task
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M Head Rest
Figure 4.1. A front view of the experimental headrest. By moving their head from side-to- 
side observers moved the cameras mounted in the base of the headrest.
4.3 .1 .2  Apparatus
The stimuli consisted o f three LEDs in exactly the same configuration as used within 
experiment 3.1 (see section 3 .2 .1 .2) view ed in a dark environment using the cameras 
and HMD. The cameras were fixed  to the base o f a headrest unit (illustrated in figure
4.1) that was mounted on rollers and could m ove horizontally along a smooth metallic 
bar. These rollers could be tightened to fix the headrest in place and prevent camera 
movement in the static view ing conditions. During monocular conditions the camera 
view ed by the observer’s non-dominant eye was disconnected, leaving a black screen, 
and the working camera was aligned with the centre line. For binocular conditions, 
the mid-point o f the two cameras was aligned with the centre line. In the head- 
m ovement conditions the headrest ensured that the motion signal generated from 
camera movement was directly coupled to the observer’s head movements. The 
observer's head m oved 6.5 cm both sides o f the centre line (tw ice the interocular 
distance) and the extent o f travel was limited by two end-stops. The observer moved  
at a rate o f .5 Hz as the additional encumbrance o f the HM D made movement at 1 Hz
(used previously) impractical. This rate o f  m ovem ent had previously been em ployed  
in several studies o f parallax specified  depth (Rogers & Graham, 1979, 1982, 1983; 
Graham & Rogers, 1982; Rogers & Collett, 1989).
4.3 .1 .3  D esign and Procedure
The experimental procedure and v iew ing conditions were the sam e as those outlined  
for the real world nulling task (see experim ent 3.1) except each observer made four 
settings within all view ing conditions. Great care was taken to ensure that observers 
could correctly fuse the im ages on the two CRT screens. Each observer adjusted the 
interpupillary distance o f the screens until they could see a single im age with solid  
depth. They were instructed to inform the experimenter if  they saw a diplopic image 
(i.e. more than three light sources) at any point during the course o f the experiment. 
The observers were also told they could rest, or withdraw, from the experiment at any 
time. It has previously been reported that many observers suffer from feelings o f  
nausea when using a head mounted binocular view ing equipment, e.g. HM Ds and 
night vision goggles (M on-W illiam s, W ann & Rushton 1993; Hadani, 1991). N one o f  
the observers reported any ill effects during the first experiment.
4.3.2 Results and Discussion
Figure 4 .2  presents the signed m eans, in cm , for the five observers’ settings with the 
error bars representing the standard error o f the means. The dashed horizontal line 
indicates perfect, unbiased, performance. Table 4.1 shows the accuracy and 
reliability o f  observers’ settings (in cm ) which were again quantified by computing
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the mean setting error and SD  averaged across view ing distances.
Viewing Condition M ean SD
Static Monocular 
Monocular Motion 
Static Binocular 
Binocular Motion
21.2 14.4 
8.6 6.7 
12.5 11.7 
4 3.4
Table 4.1. Group (n=5) performance indices, in cm, for the four experimental viewing 
conditions within the nulling task.
V ie w in g  D is ta n c e  (c m )
Figure 4.2. Plots the mean (n=5) depth settings, in cm, as a function o f viewing distance for 
the telepresence nulling task with the error bars representing ±1SE. The different symbols 
represent the individual viewing conditions: static monocular viewing ( • ) ,  monocular motion 
condition (O), static binocular viewing (A ) and binocular motion viewing (A). The dashed 
horizontal line indicates veridical settings.
As within the direct view ing nulling task (experiment 3.1), figure 4 .2  and table 4.1 
indicate that observers’ performance was, in general, least accurate and reliable within  
the static monocular condition, This demonstrated the effectiveness o f the 
experimental set-up when view ed using the HM D. Further, the results in figure 4.2  
indicate, as for experiment 3.1, a positive bias within all view ing conditions although 
one way t-tests revealed that none o f the 'depth cue' conditions differed significantly  
(p>0.05) from zero (a veridical response).
Observers’ accuracy denoted by their mean setting errors (see table 4 .1) were in all
view ing conditions worse than for direct view ing. This was to be expected due to the 
limitation on observers’ visual acuity im posed by telepresence view ing. However, the 
accuracy o f observers’ performance was considerably more effected by the HM D  
within the static binocular condition (an increase in the deviation from zero by a 
factor o f -1 8 )  than either the monocular (a factor o f -4 )  or binocular (a factor o f -1 0 )  
motion conditions. Additionally, the reliability o f  observers’ settings (SD s) within the 
two view ing environments were o f  a similar magnitude for the motion conditions but 
the static binocular condition becam e considerably worse using the HM D (by a factor 
of -3 .5 ) . There was a significant difference in the observers’ mean settings between  
view ing conditions (F3>12=6.19; p<0.01). Post-Hoc Tulcey H SD  tests (see table 4 .2) 
revealed a similar pattern o f results to those found when performing the task under 
direct view ing conditions (experiment 3.1). Both motion view ing conditions 
(monocular and binocular) were significantly different (p<0.05) from the static 
monocular condition. Additionally, the difference between the static binocular and 
monocular conditions approached significance (p<0.1). As within experiment 3.1, 
none o f the depth cue conditions differed significantly.
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Viewing Condition Monocular
Motion
Static
Binocular
Binocular
Motion
Static Monocular 
Monocular Motion 
Static Binocular
14.26 20.32 7.38
*0.009 0.061 *0.001 
0.691 0 .604  
0.137
Table 4.2. Summary o f the Post-Hoc Tukey HSD test comparing mean settings between the 
four viewing conditions. Significant results (p<0.05) are marked with an asterisk.
The relatively poor performance within the static binocular condition might be 
attributable to a number o f factors. Firstly, the observers could have failed to fuse the 
two images reliably. However, as noted earlier, care was taken to ensure that the
equipment was set-up for correctly for each observer before starting and none o f the 
observers reported seeing a diplopic im age at any point during the experiment. 
Furthermore, observers’ performance did receive som e benefit from the binocular 
information (see table 4.1). Secondly, the absence o f accommodative blur in the 
stimuli may have had a differential effect across the three 'depth cue' conditions, i.e. a 
greater effect upon the static binocular view ing condition. H owever, even when  
view ed directly it is unlikely that the depth intervals and view ing distances used  
within the current experiments w ould create sufficient accommodative blur to exceed  
observers’ threshold lim its for this cue (Mather, 1996, 1997). Thirdly, observers may 
have been m ildly affected by the problems o f fatigue and nausea associated with the 
use binocular H M Ds (M on-W illiam s et al, 1993). Although, no observers reported 
feeling unwell it is possib le that they experienced greater physical discomfort within  
this condition which, though not sufficient to make them withdraw from the 
experiment, adversely effected their performance. This suggestion is partially 
supported by the fact that one o f  the observers (M EW ) withdrew from a later 
experiment (see experim ent 4 .3 ) due to feelings o f nausea.
One side effect o f  the elevation in binocular disparity thresholds relative to motion  
parallax was that observers m ight now potentially benefit from com bining these two 
sources o f information (Bradshaw & Rogers, 1996). In contrast to the direct view ing  
experiment observers were least biased and m ost reliable within the com bined  
disparity and parallax condition (see table 4.1). Although, these differences failed to 
reach statistical significance (see table 4.2).
A ll observers repeated the task binocularly (i) v iew ing the stimuli directly and (ii) 
through the telepresence system  but view ing the experimental set-up with the room
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lights switched on (which allow ed observers access to pictorial depth cues). When 
view ing the stimuli directly, the observers’ settings were slightly more accurate and 
sensitive (mean deviation from zero o f  0.1 and a SD o f  1.9) than those for the 
observers in experiment 3.1. Observers’ settings with the lights on were more 
accurate (mean error o f 5.7) and reliable (SD  o f 2) than within telepresence view ing in 
the dark but were considerably worse than for direct view ing in the dark. So, 
although the HM D introduced som e limitations on to observers’ performance they do 
not appear to have im posed an absolute constraint within any o f the dark view ing  
'depth cue' conditions.
In summary, the results from this experim ent indicated that observers could perform 
experiments using a HM D within these view ing conditions. H owever, the patterns o f 
performance on the basis o f  different cues may vary from those found when the 
stimuli are view ed directly. Specifically, the current experiment demonstrated that 
observers experienced greater difficulty recovering disparity information using the 
telepresence view ing equipment.
4.4  E xperim en t 4 .2  - T elep resen ce E qu ila tera l T riangle T ask
The task in this experiment was to set the position o f an adjustable LED in front o f  
tw o fixed  LEDs (located either side o f the centre line) such that when view ed from  
above the triangle formed by the three lights was equilateral, i.e. to make the distance 
from the central LED to each o f the rear LEDs equal to the separation o f the rear 
LEDs (see figure 4.3). To perform this task successfully observers were obliged to 
estim ate the depth or shape o f  the stimulus by either deriving appropriate scaling
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parameters (the view ing distance or angular rotation), recovering an estimate o f the 3- 
d shape in the motion conditions (Ullman, 1979) or com bining information from the 
two cues in the binocular motion condition (Richards, 1985). The similarity to the 
shape task (experiment 3.3) w ould confirm that the previous findings were not due to 
specific difficulties associated with that particular task (e.g. a particular problem with 
intervals orientated vertically in depth with respect to the observer) but a general 
difficulty in performing metric depth tasks. In addition the task provided an 
assessm ent o f the relative accuracy with which observers could recover disparity and 
motion scaling parameters using the H M D and whether this differs from view ing the 
stimuli directly. For exam ple, accommodation and vergence vary in unison in normal 
view ing but within the telepresence system  accommodation is fixed on the screen 
(approximately 3 cm  from the observer). A s a consequence, this may especially affect 
the recovery o f estimated distance from the vergence angle (which is necessary for the 
calibration o f the static binocular disparity information). Finally a change in the 
observers’ relative sensitivity to binocular' disparity and motion parallax information  
may affect their performance in the com bined-cues condition. If observers’ 
sensitivity to the two cues is similar there may be advantages in pooling the two  
sources o f information (Bradshaw & Rogers, 1996). Alternately, if  observers are 
more sensitive to motion parallax it might solely determine performance as disparity 
did within the direct view ing experiments. Although no evidence for this strategy 
was found within the direct view ing tasks the decrease in observers' sensitivity to 
binocular* disparities relative to motion information, evident within the telepresence 
nulling task, may cause the visual system  to em ploy a different strategy to com plete 
the task.
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4.4.1 Method
All details o f  the method are as for experiment 4.1 except where noted.
4.4.1.1 D esign and Procedure
The observer’s task was to m ove an adjustable LED in front o f two fixed LEDs 
positioned either side of, and orthogonal to, the centre line such that when viewed  
from above the three LEDs formed an equilateral triangle. Figure 4.3 depicts the task 
and shows that when com pleted without error the diagonal intervals (di and d2) 
created between the central LED and each o f the fixed LEDs were the equal to their 
separation (b). All other aspects o f the experimental procedure were the same as 
experiment 4.1.
T a sk : a d ju st f la s h in g  L E D  s o  b  = d j =  d2
Figure 4.3. Illustrates the procedure for the equilateral triangle task. In the diagram, the task 
is being performed at 150 cm. The dotted circle represents an adjustable flashing LED which 
the observer moves along the centre line until it appears to be distance d, and d, from the 
reference LEDs (represented by open circles), where d, and d, are both equal to the separation 
o f the reference LEDs (b). The closed circles represent the position of the reference LEDs 
when the task is performed at 300 cm and the dotted lines projecting from the observer 
denotes a visual angle of 3.8°.
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4.4.2 Results and Discussion
The settings which observers made at 300 cm  were converted to the same scale as 
those at 150 cm  (see experiment 3.2). Figure 4 .4  presents the signed means, in cm , 
for the five observers’ settings with the error bars representing the standard error o f  
the means. Table 4.3 show s the accuracy (mean setting error) and reliability (SD ) o f  
the settings expressed as percentages o f their veridical values.
Viewing Condition M ean SD
Static Monocular 
Monocular Motion 
Static Binocular 
Binocular Motion
299 127 
204 61 
209 126 
193 84
Table 4.3. Group (n=5) depth setting performance indices (expressed as a percentage o f the 
veridical setting).
V ie w in g  D is ta n c e  (c m )
Figure 4.4. Plots the normalised mean (n=5) depth settings in cm as a function of viewing 
distance for the equilateral triangle task with the error bars representing ±1SE. The different 
symbols represent the individual viewing conditions: static monocular viewing ( • ) ,  monocular 
motion condition (O), static binocular viewing (A) and binocular motion viewing (A). The 
dashed horizontal line indicates veridical performance at both viewing distances.
Figure 4.4 and table 4.3 indicates that observers were least accurate and reliable 
within the static m onocular condition. As within the shape task (experiment 3.3) 
there was a positive bias within all view ing conditions (see figure 4.4) although the
magnitude o f the bias was greater within the current task. One way t-tests revealed  
that all 'depth cue' conditions differed significantly (p<0.05) from zero (a veridical 
response). There was also a significant difference in observers’ settings between the 
view ing conditions (F3ij2=4.18; p<0.05). A  post-hoc Tukey H SD (see table 4 .4) 
revealed only the static monocular and binocular motion conditions differed  
significantly. H owever, the differences between the static monocular condition and 
the tw o other 'depth cue' conditions (static binocular and monocular motion) 
approached significance (p>0.1). This provides a further indication that motion and 
disparity information may be interacting within the telepresence view ing conditions.
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Viewing Condition Monocular
Motion
Static
Binocular
Binocular
Motion
Static Monocular 
Monocular Motion 
Static Binocular
51.462 52.693 50.819
.055 .078 .046*  
.997 1.000 
.989
Table 4.3. Summary o f the post-hoc Tukey HSD test comparing the four viewing conditions.
Significant results (p<0.05) are marked with an asterisk.
There was no significant difference between observers' settings at the two view ing  
distances (F ii4=0.041; p>0.05). H owever, to quantify the degree to which the view ing  
distance was taken into account the results were converted into scaling distances (as 
outlined in section 3 .3 .2). The converted data is plotted as (J) ‘effective scaling 
distance’ against ‘view ing distance’ (figure 4.5a), and (ii) the ratios o f  the ‘effective  
scaling distance’ to the ‘v iew ing distance (figure 4.5b). Although there were greater 
departures from veridical distance assessments (represented by the hatched diagonal 
line) when using the H M D observers still appeared to take different view ing distances 
into account. For all three conditions, observers’ estim ates o f  scaling distance were o f  
a similar magnitude and an almost constant proportion o f the view ing distance 
(-52% ). This would suggest that i f  scaling parameters were being derived then
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view ing using the HM D increases the degree to which they were underestimated. 
This is almost certainly due, at least in part, to the reduction in the acuity using the 
HM D. Furthermore, it is also possib le that the large conflict from absolute distance 
signalled by accommodation (the screens were only a few  cm  from the observer’s 
eyes) reduced depth estimates via som e form o f  cue averaging. H owever, Landy et al 
(1995) have questioned the degree to which information is likely to be com bined from  
hugely discrepant cues.
150 300
4  V ie w in g  D is ta n c e  (c m )
Figure 4.5. The two graphs plot (a) the ‘estimated’ scaling distance at which the angular 
extent o f the depth settings would have been veridical as a function o f the physical viewing 
distance, and (b) the ratio o f the ‘estimated’ scaling distance to the viewing distance, as a 
function o f the viewing distance. The different symbols represent the individual viewing 
conditions: monocular motion condition (O), static binocular viewing (A ) and binocular 
motion viewing (A). The dashed line indicates perfect correspondence between estimated and 
actual viewing distance.
One possible explanation for the increase in observers' bias compared to the shape 
task may be that observers experienced a greater difficulty in judging the shape o f an 
equilateral triangle. This is unlikely as evidence from Norman et al (1996) indicated 
that observers’ accuracy actually decreased as the interval they were judging became 
increasingly orientated in depth with respect to them. Thus, observers should be 
worse within the shape task where the depth interval they were judging was
perpendicular to the axis o f their eyes rather than at 60° as in the current task. 
H owever, to confirm that their increased difficulties were not an artefact o f the 
particular task observers repeated the static binocular condition o f  the task view ing  
the stimuli directly. The mean setting error and SD , expressed as percentages o f the 
veridical setting, were 34% and 55% respectively. The results indicated a very similar 
level o f  accuracy (mean setting error) to the shape task (see table 3 .3) but a reduction 
in observers' sensitivity (i.e. an increased SD ). The later is probably merely due to the 
smaller number o f settings performed by each observer within the current experiment. 
As within the nulling task, observers repeated the static binocular condition with the 
lights on w hilst view ing using the HM D. Observers’ performance (a mean error o f  
48% and SD  o f 24%) was considerably less accurate than for the direct view ing  
condition but better than any o f the three 'depth cue' conditions. So, it is possible to 
conclude that the poor levels o f  performance in the 'depth cue' conditions do not 
m erely reflect a floor in performance im posed by the resolution o f the equipment.
In summary, the systematic distortion in the perception o f depth experienced by 
observers when view ing a scene through the telepresence system  was similar to that 
found for directly view ing a scene. A s observers could perform a depth nulling task
using this equipment the results from the equilateral triangle task provided further
\
evidence o f their difficulty in accurately (recovering a metric representation o f scene
\
structure.
4.5 E xperim en t 4 .3  - T elep resence D ep th  M atch in g  T ask
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The observer’s task was to adjust the base-to-apex magnitude o f a probe triangle to
match that o f a fixed  reference triangle located at a different view ing distance. In the 
previous experim ent observers had shown extrem ely poor levels o f  accuracy and 
reliability but that task required an estimate o f view ing distance, angular rotation or 
object shape. H owever, the results o f the direct viewing matching task (experiment 
3.3) suggest observers might be able, under certain circumstances, to calibrate these 
cues on the basis o f a local measurement (Glennerster et al, 1996). The present 
experiment assesses whether observers could still benefit from em ploying this strategy 
despite the limitations im posed from view ing the scene through the telepresence 
equipment.
4.5.1 M eth o d
All details o f the telepresence equipment are as for experiment 4.1 and all details o f  
the stimuli and procedure are as for experiment 3.3 unless otherwise noted.
4.5.1.1 Observers
Four observers who had all participated in experiments 4.1 and 4 .2  com pleted the 
experiment. The fifth observer (M EW ) withdrew from the experiment after 
experiencing adverse side effects from view ing stimuli through the HM D.
4.5 .1 .2  D esign  and Procedure
The observer’s task was to match the base-to-apex magnitude o f an adjustable probe 
triangle to that o f  a fixed  reference triangle. The procedure was almost identical to 
that used within experiment 3.3 (the matching task). H owever, within this experiment
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the reference triangle was positioned at 150 cm  when the probe triangle was at 300 cm  
and vice versa. Each observer made five settings within each view ing condition for 
both triangles and view ing distances.
4.5.2 R esults a n d  D iscussion
The settings which observers made for the large (60 cm ) triangle were converted to 
the same scale as those for the small (20 cm ) triangle (see experiment 3.3). The data 
for the two triangles was com bined as there was no theoretical reason to expect them  
to vary and no observed statistical difference between them (F Ij3=7.92, p>0.05). 
Figure 4.6 presents the signed means, in cm, for the four observers’ settings. Table 
4.4  shows the accuracy (mean setting error) and reliability (SD ) o f  the settings 
expressed as percentages o f the veridical value.
V ie w in g  D is ta n c e  (c m )
Figure 4.6. Plots the combined mean (n=4) depth settings for the small and large triangles, in 
cm, as a function o f viewing distance with the error bars representing +1SE. The different 
symbols represent the individual viewing conditions: static monocular viewing ( • ) ,  monocular 
motion condition (O), static binocular viewing (A) and binocular motion viewing (A). The 
dashed horizontal line indicates a perfect (veridical) setting.
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Viewing Condition M ean SD
Static Monocular 115 77
Monocular Motion 16 43
Static Binocular 28 28
Binocular Motion 11 36
Table 4.5. Group (n=4) performance indices (expressed as percentages of veridical values) 
with the matched depth settings combined for the 20 and 60 cm reference triangle.
Table 4.5 shows that overall the least accurate and reliable performance occurred 
within the static monocular condition. Furthermore, there was a highly significant 
difference in observers’ mean settings between view ing conditions (F3t9=18.016, 
p<0.001). Post-hoc Tukey H SD  tests (see table 4 .6) indicated that this was 
attributable to significant differences between the monocular static condition and all 
three 'depth cue' conditions (p<0.01). There were, however, no significant differences 
between any o f the 'depth cue' conditions.
Viewing Condition Monocular
Motion
Static
Binocular
Binocular
Motion
Static Monocular 
Monocular Motion 
Static Binocular
8.786  4 .924 5 .409
0.001* 0.002* 0.001*  
0.882 0.733  
0.989
Table 4.6. Summary o f the Post-Hoc Tukey HSD test comparing the four viewing conditions.
Significant results (p<.05) are marked with an asterisk.
The patterns o f results in the three 'depth cue' conditions were different from both the 
telepresence equilateral triangle task (experiment 4.2) and the direct view ing matching 
task (experiment 3.3). There was a significant difference in observers’ performance 
across the two view ing distances (F i)3=14.83, p<0.05). This is reflected in figure 4.6  
which indicates that at a v iew ing distance o f  150 cm observers’ settings within the 
'depth cue' conditions show  a slight negative bias and at 300 cm  they display a larger 
positive bias. H ow ever unlike the equilateral triangle task, one-w ay t-tests revealed
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that settings at neither distance differed significantly (p>0.05) from zero. Table 5 
show s that the observers’ settings across all 'depth cue' conditions, as indicated by the 
mean setting error and SD, were considerably more accurate (a factor o f -4 -6  times) 
and reliable (a factor o f -1 .5 -4 .5  tim es) than for the equilateral triangle task 
(experiment 4.2). This, again, indicates that observers performed a depth matching 
task using a different strategy to a metric shape task.
Performance within the motion conditions (monocular and binocular) was only 
slightly w orse than that for direct v iew ing matching task. The static binocular 
condition was, as for the nulling and equilateral triangle tasks, the least accurate and 
reliable o f the 'depth cue' conditions and considerably worse than for direct viewing. 
The most accurate performance was within the com bined-cue condition, which further 
indicated there was an interaction between the two information sources in this 
view ing environment.
Figure 4.7. The combined data for both triangles is plotted as (a) the ‘estim ated’ scaling 
distance at which the angular extent o f the depth settings would have been veridical as a 
function of the physical viewing distance, and (b) the ratio o f the ‘notional’ scaling distance 
to the viewing distance as a function o f the viewing distance. The different symbols represent 
the individual viewing conditions: m onocular motion condition (O), static binocular viewing 
(A) and binocular motion viewing (A). The dashed lines indicate a perfect correspondence 
between estimated and actual viewing distance.
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To quantify the degree to which the view ing distance was taken into account within 
the observers’ settings their results were converted into ‘notional scaling distances’ 
(as outlined in section 3.3.3). The converted results are plotted as (z) ‘notional scaling 
distance’ against ‘view ing distance’ (figure 4.7a), and (ii) the ratios o f  the ‘notional 
scaling distance’ to the ‘view ing distance (figures 4.7b). This provides a convenient 
method for comparing the data with that for the equilateral triangle task, and 
quantifying the degree o f depth constancy, even if  observers do not actually use the 
scaling distance to make their setting.
Figures 4.7a and 4.7b indicate that the magnitude o f observers’ estim ates o f  the 
‘scaling distances’ were far closer to veridical than for the equilateral triangle task. 
H owever, figure 4.7b clearly shows that observers exhibited considerable departures 
from constancy within all 'depth cue' conditions. The telepresence nulling task 
indicated that there was no increase in the observers’ bias for detecting binocular 
disparities or retinal motion with view ing distance. Furthermore, the equilateral 
triangle task showed that observers could demonstrate depth constancy when scaling  
disparity or parallax information on the basis o f  their respective scaling parameters. 
A s a consequence, the failures o f constancy within this experiment are likely to be due 
to biases in the local measurement used to calibrate the disparity or parallax 
information.
In summary, the results o f  this task indicate that observers could perform a depth 
matching task with more precision and reliability than the equilateral triangle task. 
This provided further evidence for the importance o f the experimental task in 
determining observers’ performance (Glennerster et al, 1996) on the basis o f  both 
m otion parallax and.binocular disparity information.
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The major aim o f these experiments was to both confirm and extend the findings 
reported in chapter 3. Firstly, the results confirm that the visual system  cannot derive 
a metric representation o f the structure o f a scene on the basis o f binocular disparity 
and/or motion parallax information presented in isolation from other depth cues. The 
use o f  a different metric shape task show ed that observers’ difficulty was not due to a 
specific problem with the original shape task (experiment 3.2) but probably reflects a 
general limitation o f the visual system. Furthermore, the displays used within these 
experiments contained conflicting accommodation information analogous to that 
present within studies that used computer-generated stimuli. The results show that 
observers have a qualitatively similar tendency to underestimate the magnitude o f  
depth intervals whether or not this accommodation conflict is present. As a 
consequence, they confirm that this factor cannot be the sole explanation for 
departures from constancy in experiments using computer-simulated stimuli.
Secondly, the experiments again demonstrate that observers are capable o f making use 
o f a variety o f  representations dependant upon the range o f available information and 
the demands o f the task. The results replicate the findings in chapter 3 by showing  
that observers can perform tasks accurately if  they do not require a metric 
representation. Observers' settings were, as before, consistent with performing tasks 
on the basis o f  detecting retinal disparities/relative motion (experiment 4.1) or by 
calibrating the data on the basis o f a local scene measurement (experiment 4.3). 
However, the results extend the previous findings by demonstrating that the strategies 
and representations used by the visual system  are probably dependent on an
4.6 General Discussion
assessment o f  the reliability o f information sources and not merely their presence. 
This was shown by a change in the relative patterns o f performance within the three 
'depth cue' conditions (see chapter 3). In all three telepresence experiments 
performance was most accurate (closest to veridical) within the com bined-cue 
condition, which stands in contrast to the direct view ing experiments where 
performance was alm ost identical within the static binocular and com bined-cue 
conditions. This difference was most notable in the nulling task in which observers’ 
bias and sensitivity were approximately 50% o f the closest other ‘depth-cue’ 
condition, monocular m otion parallax (see table 4.1). These results showed that 
(unlike within direct view ing tasks) parallax and disparity information interacted to 
determine observers’ performance when presented simultaneously within the 
telepresence environment. This change in results between direct and telepresence 
view ing is m ost probably attributable to the decrease in the relative reliability o f  
binocular disparity as an information source. For each experiment, performance was 
worse in all view ing conditions than for direct view ing, which was to be expected  
because o f the limitations upon acuity im posed by the use o f the HM D. H owever, 
there was a considerable decline in performance in static binocular conditions relative 
to the other 'depth cue' conditions. In particular, the telepresence nulling task clearly 
showed that it was the least reliable 'depth cue' condition (see SD s in table 4.1).
The implication o f these results is that when com bining information from different 
depth cues the visual system  assesses the reliability o f each information source and 
uses this to determine if, and how, the information is to be combined. This 
combination might be from m odifying the w eighting o f the information from different 
sources in a constant combinatorial strategy (e.g. weighted averaging), changing to a
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different strategy (e.g. rem oving one or more information source using a strong fusion  
strategy like cue vetoing) or, when detecting the presence o f  depth, probability 
summation.
An examination o f the telepresence nulling task can generate som e degree o f insight 
into the processes underlying the integration o f information from the two different 
sources. The task involves detecting and m inim ising the depth signalled by motion  
and/or disparity. Bradshaw and Rogers (1996) noted, in their examination o f the 
interaction o f  parallax and disparity thresholds, that if  information from the two  
sources is processed independently when both cues are presented together the 
threshold w ill be determined by either the most sensitive individual cue or by 
com bining information output from the two processes using probability summation. 
They further showed that probability summation could not increase performance 
above that predicted by linear summation, which predicts a magnitude o f sub­
threshold summation o f 1.41. Assum ing that the sensitivity limits (SD s) in this task 
represent the thresholds then the magnitude o f sub-threshold summation is 2.5, which  
is considerably greater than expected on the basis o f linear summation. Consequently, 
this data clearly supports Bradshaw and Rogers (1996) suggestion that these cues are 
integrated in a non-linear manner due to an interaction in the early mechanisms for 
extracting these two information sources. This would be consistent with a strong 
fusion model o f cue interaction rather than the sort o f modularization predicted by 
Landy et als' (1995) m odified weak fusion model.
The consistent departures from a veridical percept within the motion and combined- 
cue view ing conditions further show ed that the visual system  could not em ploy either 
the rotation o f the stimuli configuration relative to the observer (Ullman, 1979) nor
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the constraints o f the two information sources (Richards, 1985) to accurately recover 
the stimulus shape. H owever, it is not surprising as both cues were more biased and 
variable than in previous experiments where observers had also failed to utilise these 
strategies effectively (see chapter 3). The ability o f the visual system  to switch  
strategies does, however, mean that in situations where more reliable measurements o f  
the appropriate disparity and motion information can be made, the visual system  
might be able to implement either o f  these strategies (see chapter 5). This could  
explain the m ixed evidence o f previous studies which have reported benefits from the 
simultaneous presence o f both cues (Johnston et al, 1994; Bradshaw et al, 1998) and 
no effect (Tittle et al, 1995; Brenner & van Dam m e, 1997).
In addition to the theoretical issues discussed these results were important because 
they provide designers o f telepresence system s with guidance as to the information 
required by system operators to perform specific tasks in a particular situation. 
Drascic (1991) has argued that tasks w ill vary in the degree to which they benefit from  
binocular information but previous studies (Drascic, 1991; M assim ino & Sheridan, 
1994) have focused on the role o f  single task difficulty, manipulated by increasing the 
required accuracy, rather than the nature o f  the task. The results o f  these tasks clearly 
show that the utilisation o f different information sources is dependent upon the nature 
o f the experimental task. Therefore to assess the relative importance o f  different 
information sources when designing these system s it is necessary to exam ine tasks 
that require the same kinds o f representations as those for which the system  is to be 
used. Although apparently abstract, the tasks used within these experiments are 
analogous to many tasks that are performed regularly in everyday life. For exam ple, 
placing the end o f a screwdriver against the slot in a screw is a depth nulling task, and
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trying to cut even sized  pieces o f a pie is a depth matching task. H owever, it is less 
com m on to do an absolute shape judgem ent - such as judging the roundness o f a cup. 
Additionally, a comparison o f these experim ents and those in chapter 3 clearly shows 
that the view ing environment may have a differential effect upon different cues and as 
a consequence the way in which the visual system  com bines them. Therefore, the 
results o f studies in the real world cannot necessarily be assumed to show how  
information sources are used within telepresence environments. So, it is necessary 
when assessing the practical utility o f a range o f information sources for the 
experimental view ing conditions to closely  m odel those o f the intended application.
In summary, the evidence seem s to indicate that the observer can make use o f motion  
and disparity information within the im poverished cue environment view ed through a 
HM D. H owever, the relative benefits o f  different cue combinations may differ from  
direct view ing conditions and as a consequence the manner in which they are 
combined. It is important to note, however, that although the absolute levels o f  
performance depend on the resolution o f  the system , the relative performance 
depended on the task and the view ing conditions. Therefore, it is clearly important to 
assess performance across a range of tasks within telepresence system s in order to 
determine the information that should be displayed.
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5.1 In troduction
The experiments in chapters 3 and 4  exam ined observers’ judgem ents o f  depth 
magnitude on the basis binocular disparity and/or motion parallax information. They  
assessed the degree to which on the basis o f  these cues observers could perform a 
variety o f  tasks that theoretically varied in the information required to successfully  
com plete them. This was used to assess the degree to which the nature o f the 
experimental task affected the observers' performance, the strategies that the visual 
system  used to com plete the different tasks and the nature o f the representations that 
the cues (alone or in com bination) facilitated. The major purpose o f the experiment 
was to extend the range o f  tested tasks to include one that requires a full Euclidean  
representation within all o f  the experimental view ing conditions.
N one o f the tasks used within the previous chapters are a com plete test o f whether 
visual perception is Euclidean in every tested view ing cue condition. Consider the 
static binocular condition, a particular pattern o f retinal disparities was consistent with 
a fam ily o f  shapes (see section 1.3.1). For observers to perform both the shape and 
equilateral triangle tasks veridically, they were required to scale binocular disparities 
by an accurate estimate o f absolute distance which, within the experimental view ing
CHAPTER 5
Perceived Size and Depth on the Basis of Binocular Disparity and Motion
Parallax Information.1
1 A paper based on the material in this chapter has been published in Perception.
environment, could only be derived from the angle o f convergence o f the eyes (Foley, 
1980; Johnston, 1991). Consequently, i f  the observer could set the depth o f the 
shapes correctly then binocular vision would be shown to support the accurate 
recovery o f  both absolute and relative distance estimates at different orientations in 
depth (considering both tasks). Therefore, on the basis o f those tasks it is possible to 
determine whether, under the experimental view ing condition, static binocular 
viewing allows the recovery o f  Euclidean properties o f the scene. This is, however, 
not necessarily the case within the motion parallax conditions. A s outlined in section  
1.3,2, Ullm an (1979) demonstrated that for SFM , based on three frames from the 
motion sequence, it is possible for an observer to derive the shape o f  an object up to a 
size scaling factor. Theoretically both the shape and equilateral triangle tasks could  
be com pleted on the basis o f  this information irrespective o f whether the observer 
perceived the correct size or view ing distance. That is, although the correct shape 
(e.g. an equilateral triangle) may be perceived, the observer may be unaware whether 
it is a small triangle close to them, or a much larger triangle further away. This 
criticism w ould also apply to previous studies (Johnston et al, 1994; Tittle et al, 1995) 
that have used an apparently circular cylinder (ACC) task to assess Richards (1985) 
suggestion for the com bination o f  disparity and motion information (see section 1.5.2  
for more details). Consequently, com bined motion and disparity conditions within  
those studies (and the shape and equilateral triangle tasks within this thesis) could  
have been com pleted purely on the basis o f  the motion information.
In the current experiment the observers were required to make explicit size  
judgements in the fronto-parallel plane as w ell as depth judgem ents along the centre 
line. The observers’ task was to set the depth and size o f a visual probe at a series o f
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different view ing distances to match that o f a hand-held reference shape, which they 
felt but never viewed. This allow ed an assessm ent o f perceived size and depth to be 
made without depending on a purely memory based representation or providing 
additional visual information that might aid observers’ performance o f  the task.
The follow ing requirements have to be met for observers to perform this task: (j) they 
need to derive a reliable representation o f the size and depth o f  the reference that is 
system atically related to its physical dim ensions, (ii) their representations o f size and 
depth must be related in the same way to the physical size and depth and (Hi) the 
representations o f features in haptic space must map system atically to those within  
visual space. There have been numerous previous studies o f participants’ judgements 
o f the perception o f  spatial relationships on the basis o f  haptic information (e.g. 
Teghtsoonian & Teghtsoonian, 1965, 1970; Stanley, 1966, 1974; Jones, 1983; Lanca 
& Bryant, 1995; Kappers, Koenderink & Oudemaarden, 1997; Kappers, 1999). The 
degree to which participants’ produced veridical estim ates o f different spatial 
relationships across these studies has tended to vary with the method o f  measurement 
em ployed, and so the findings share a qualitative similarity to results reported within  
the visual domain (see section 1.4). For exam ple, studies using magnitude estimation  
techniques (Teghtsoonian & Teghtsoonian, 1965; Stanley, 1966) found that when  
participants judged the length o f  a rod (up to 33 inches long) by simultaneously  
touching the ends with their two index fingers the results could be described by a 
power function with an exponent approaching unity (1.05). Conversely, other studies 
using interval matching and other direct measures have found that there are systematic 
departures from veridicality within the haptic space (Lanca & Bryant, 1995; Kappers 
et al, 1997; Kappers, 1999). The precise relationship between estimates o f spatial
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relationships within visual and haptic space is still an open question but all studies 
have an indicated that observers can produce reliable estim ates o f spatial extent from  
haptic information. This clearly indicates that observers within the current study 
should be able to produce representations o f  size and depth that are system atically 
related to the physical dim ensions o f the hand-held probe though this representation 
w ill not necessarily be veridical. Additionally, Lanca & Bryant (1995) reported that 
when blindfolded observers could feel lines o f  different lengths at various orientations 
in the horizontal plane their drawings o f  these lines could be represented by a power 
function which was independent o f  orientation. As a consequence, it would be 
expected that there should be no difference in observers’ representation o f depths and 
sizes for intervals o f equal physical magnitude within the current study. Previous 
studies o f visual-haptic cross-m odal judgem ents o f length have found a systematic 
relationship between settings within one domain on the basis o f  access to information 
from the other domain (e.g. G ogel, W ist & Harker, 1963; D avidon & Mather, 1966). 
Therefore, taken together these studies indicated that observers w ould be able to 
perform the task reliably and that their responses would be system atically related to 
the physical dim ensions o f the reference.
The experiment also extends the results o f  chapters 3 and 4  by exam ining observers’ 
performance across a greater number o f view ing distances. The generality o f the 
conclusions o f the previous chapters was based upon the assumption that there was a 
system atic continuous relationship between perceived distance and depth. The 
validity o f  this assumption can only be verified by exam ining performance across 
several view ing distances to ensure that the relationship between the two viewing  
distances used previously w as not merely coincidental.
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Additionally, the experiment addresses the question o f whether the same estimate o f  
the absolute distance is used to calibrate both size and distance estimates. For 
disparity defined shapes with simulated changes in view ing distance Rogers and 
Bradshaw (1995b) and van Dam m e and Brenner (1997) found that the same, although 
incorrect, estimate o f  absolute distance was used to correct for size and depth 
judgem ents. However, whether the sam e estim ate o f view ing distance is used and 
whether view ing distance is recovered when motion parallax and stereo-motion  
com binations are considered remains to be determined in the context o f real-world  
stimuli.
5 .2  E xperim en t 5 - S ize  and  D ep th  T ask
5.2.1 Method
5.2.1.1 Observers
The participants were four observers w ho had taken part in the experiments within 
chapters 3 and 6.
5 .2 .1 .2  Apparatus and Stimuli
The stimuli consisted o f a configuration o f  three yellow  LEDs aligned in the 
horizontal meridian o f the observers' eyes view ed in a dark environment. They  
formed, when view ed from above, a triangular shaped probe with its base lying  
orthogonal to the centre line, and its base-to-apex line lying along the line o f sight, or 
along the centre line (depending on the view ing condition). In the current experiment,
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all three probe LEDs mover/ independently. The two base LEDs were moved, by the 
experimenter under verbal instruction from the observer, along a path orthogonal to 
the centre line. The base lights were 150, 178, 212, 252 or 300 cm  from the origin 
(observer). The central LED, as within the earlier experiments (chapters 3 and 4), 
could be m oved backwards or forwards along the centre line by the observers. H ence, 
measures o f perceived size and depth could be derived independently. T w o ‘T ’ 
shaped hand held reference figures were used in the experiments. The size and depth 
o f each reference was equal, either 15 cm  (small reference) or 30 cm  (large reference).
T ask: adjust p rob e L E D s  to  m atch  h and  h e ld  re feren ce  co n fig u ra tio n
Figure 5.1. Illustrates the procedure for the size and depth task being performed at 150 cm. 
Observers held, but never viewed, a *T* shaped reference. Their task was to adjust a three 
LEDs until they formed a shape of the same height and width as the reference. The dotted 
circle represents an adjustable flashing LED that observers moved along the centreline until it 
was the same distance from the base LEDs (the white circles) as the height of the reference.
The base LEDs could be moved orthogonally to the midline and observers moved them until 
they matched the width of the reference. The closed circles represent the position of the base 
LEDs for the four other viewing distances. The diagonal lines projecting from the observer 
denote a visual angle of either 5.7° (15 cm reference) or 11.4° (30 cm reference).
5.2.1.3 D esign  and Procedure
The observer’s task was to adjust a probe triangle o f LEDs such that both its base 
width (size) and its base-to-apex height (depth) matched that o f  a hand held reference 
(see figure 5.1). As the experiment was conducted in the dark the reference could not 
be seen by the observers during the course o f the experiment. A s within chapters 3
Reference
3.0 m
and 4 the experiment was conducted under four view ing conditions: (i) static 
monocular, (ii) static binocular, (Hi) monocular motion and (iv) binocular motion. 
The observer made at least four settings o f  size and depth for the 15 cm  reference and 
two settings for the 30 cm  reference, within all combinations o f  view ing condition  
and distance. The experim ent was run over several days in tw elve trials, which were 
blocked by view ing distance. The reference size and view ing conditions were 
randomised within each block.
5.2.2 Results
Figure 5.2 shows the signed mean o f all four observers’ size and depth settings for 
both the 15 and 30 cm  reference. The dashed lines indicate veridical performance and 
so if  view ing distance was used correctly to make size and depth settings, the data 
should lie exactly along these horizontal lines. To assess, and quantify, the reliability 
and accuracy o f  the settings, the SD  and the mean setting error (see table 5.1) were 
calculated averaged across the five view ing distances and the two reference sizes (15  
cm  and 30 cm).
152
Viewing Condition Size Depth
M ean SD M ean SD
S tatic  M on ocu lar 33 8 19 118
M on ocu lar M otion 28 6 24 18
S tatic  B inocu lar 25 7 1 12
B in ocu lar M otion 24 5 6 11
Table 5.1. Group (n=4) size and depth performance indices (averaged across viewing 
distance and across the 15 and 30 cm reference figures). The values are expressed as 
percentages of the veridical setting.
153
a Physical V iew ing D istance (cm) c  Physical V iew ing Distance (cm)
Physical V iew ing D istance (cm) (J
100 150 200 250 300 350  
Physical V iew ing Distance (cm)
Figure 5.2. Plots the mean size and depth settings, in cm, expressed as a function of viewing 
distance for the four different viewing conditions: (a) static monocular, (b) monocular motion,
(c) static binocular, and (d) binocular motion. The different symbols represent the following 
experimental conditions: the small triangle base settings ( • ) ,  the small triangle apex settings 
(A), the large triangle base settings (O) and large triangle apex settings (A). The dashed 
horizontal lines indicate veridical performance. The error bars represent ±1SE. Note the 
different scale on the ordinate in (a).
From figure 5.2a it is apparent that depth settings in the static monocular view ing  
condition were erratic and rather inaccurate (note the scale on the ordinate is different 
from the other graphs in the figure) with even reversals in depth settings (negative 
values). This poor performance is also reflected in table 5.2 that shows large SD  
(118% ) for the depth settings. Although, the mean setting error was better than one 
'depth cue' condition (m onocular m otion) these figures are averaged over view ing  
distance, and so disguise the considerable variation over the view ing distances (see
figure 5.2a). S ize settings appear much more reliable (SD  8%) although 
system atically biased (mean 33%) towards underestimates. If  judgem ents o f size 
were just based on maintaining a constant angular size (i.e. no com pensation for 
view ing distance) then settings should have increased by a factor o f 2 across the range 
o f view ing distances whereas the ratio o f the settings between near and far distances 
was -1 .5 . Taken together, these results suggest that the experimental set-up and 
controls were sufficient to prevent observers com pleting the task successfully.
The relatively consistent performance in observers' size settings was surprising and 
may have arisen from several types o f experimental factors that do not depend on the 
explicit use o f view ing distance. One obvious difference between size and depth 
judgem ents is that changing the separation o f the LEDs to make a size judgement 
creates a clear difference in the retinal im age whereas the m ovem ent o f the LED along 
the line o f  sight (to make a depth setting) does not. In addition, the range o f  
adjustment for the size settings was more constrained (there could not have been a 
confusion in sign) than for the depth settings. The range o f starting positions o f the 
base LEDs could also have contributed to this. The stalling position o f each LED was 
each selected at random but the range was constant at each view ing distance (0 to 40  
cm ) which may, over repeated presentations, have contributed to the apparent 
constancy (see Glennerster, et al, 1998). A lso, the angular m ovem ent caused by the 
LED adjustment varied with view ing distance. Therefore, the level o f  performance in 
the size settings may or may not reflect the explicit use o f  view ing distance. 
H owever, if  view ing distance did influence the size settings it did not appear to 
influence the depth settings system atically in the experimental situation.
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Figure 5.3. The size to depth ratios of the settings as a function of the viewing distance for 
each of the three 'depth cue' viewing conditions: (a) monocular motion, (b) static binocular, 
and (c) binocular motion. The symbols denote the 15 cm reference ( • )  and the 30 cm 
reference (O). The dashed line indicates a ratio of 1 (veridical performance).
The results from the monocular motion condition are presented in figure 5.2b. Each 
plot, for both the size and depth settings, is approximately horizontal which suggests 
that changes in view ing distance were taken into account in making both depth and 
size settings. Furthermore, depth and size judgem ents for the references did not differ 
significantly (Fj53=0.65; p>0.05) w hich indicates that depth-to-size ratios were near 1
for both sizes o f  reference (see figure 5.3a). H owever, the large mean setting error o f  
24% and 26% and the relative constancy in settings across view ing distance (see  
figure 5.2b) indicates that both settings were consistently biased. Figure 5.2b show s t
hat this bias a consistent underestimate o f the figure size. There are a number o f  
possible explanations for observers’ performance. The first account may rest on the 
fact that it is possible to set the fixed  relationship between the size and the depth 
using only visual information based on U llm an’s theorem although absolute size 
would remain undetermined. If the size were unknown it might be expected that 
although the size-to-depth ratio remained constant settings would vary considerably 
both within and across the five view ing distances. Though, o f  course, it is possible  
that an estim ate o f the size o f the stimuli could be gained from another source (e.g. 
angular rotation) and then used to constrain the possible interpretations. An  
alternative is that 3-d structure from two m otion view s was scaled by an estimate o f 
the observer’s head motion (e.g. angular rotation) appears initially to be inconsistent 
with the pattern o f the results. If the visual system  em ployed this strategy the angular 
size o f the stimuli would be inversely proportional to the absolute distance whereas 
depth (from motion parallax) w ould be related to distance squared (see section 1.3.2). 
As a consequence, the only points at which the estim ates o f size and depth w ould be 
equal are those at which the estim ates are veridical (along the dotted lines in figure
5.2). A  system atic under estimation o f  the angular rotation w ould result in an 
increased divergence between observers’ settings for size and depth with the absolute 
distance (similar to that in the static binocular condition depicted in figure 5.2c). 
Therefore, the data in figures 5.2b and 5.3a that indicate a high degree o f agreement 
between system atically mis-estim ated size and depth settings are apparently 
inconsistent with the derivation o f these scaling parameters. However, this 
interpretation o f the results assumes that observers are correctly estim ating the 
dim ensions o f  the hand held reference figure. Another possibility is that the internal 
standard the observers use to make their settings are not veridical but system atically
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under estimated. Consequently, the motion information may be perfectly scaled but 
the resulting setting correspond to an incorrect but constant internal standard. This is 
supported by the fact that the settings for the two references were both 
underestimated by the same amount (approximately 67% o f veridical) across all 
view ing distances and so the relative size o f the references was preserved. 
Furthermore, size settings were approximately the same in all three 'depth cue' 
conditions and, as outlined in section 1.4, it is w ell documented that observers' 
perceptual judgem ents o f  size on the basis o f binocular view ing are generally highly  
accurate (see for exam ple G ogel, 1960; Baird & Biersdorf, 1967). This interpretation 
is considered in more detail below.
The settings for the static binocular disparity condition are shown in figure 5.2c. 
Both size and depth settings were fairly reliable (7% and 12% respectively) although 
again there were biases in performance. The pattern o f the results is clearly different 
from the monocular motion condition. Although there was no significant main effect 
when size and depth settings were compared (F) 3=3.1; p>0.05) there was a significant 
main effect o f  view ing distance (F4)i2=4-91; p<0.05). There was also a significant 
interaction (F4)i2=4.7; p<0.05) which was caused by the progressive divergence o f the 
size and depth plots settings with distance. The depth settings increased  
m onotonically with view ing distance (Pages L=209; p<0.01), with less depth being  
set at near distances and more at far distances (with veridical settings at about 200  
cm). This pattern o f results is consistent with the interpretation that vergence angle 
was used to estim ate view ing distance (incorrectly) and is in broad agreement with 
earlier findings (e.g. F oley, 1980; Johnston, 1991). The increases in the magnitude, in 
cm , o f observers’ depth settings with absolute distance in the present experiment are
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consistent with an increasing com pression o f perceived depth in a stimulus with a 
fixed  disparity. There was no significant trend with view ing distance in the size data. 
These results are reflected in figure 5.3b, which shows that the size-to-depth ratio 
decreases with increases in view ing distance.
The results from the binocular motion conditions are plotted in figure 5.2d. Here too 
the size and depth settings were reliable (5% and 11% respectively). This condition is 
o f interest as, theoretically, there should be sufficient visual information available for 
observers to recover both size and depth veridically. The data show components o f  
the trends apparent in each ‘individual-cue’ condition. In com m on with the motion- 
only condition the m onotonic increase in the depth settings with view ing distance 
observed in the static binocular condition was not present (no significant trend, Pages 
L =194; p>0.05); and in com m on with the disparity-only condition, the ratio between  
the size and depth settings was m is-estim ated although here it remained invariant with 
view ing distance (see also figure 5.3c). Depth settings for both sizes o f  reference did 
not depart significantly from veridical values (p>0.05). Therefore, although there was 
som e evidence that the addition o f  motion information affects performance, size  
settings were underestimated relative to depth settings.
The results from both binocular conditions are apparently inconsistent with those for 
the shape task (experiment 3.2) because depth is under estimated, and not over 
estimated, at most view ing distances. However, there are a number o f possible ways 
to reconcile this potential contradiction. Firstly, there are variations in results 
between previous studies (Foley, 1980; Johnston, 1991, Tittle et al 1995; Glennerster 
et al, 1996) that suggest although the relationship between perceived and absolute 
distance is an increasing linear function its slope can vary for a number o f reasons, 
including the nature o f  the experimental task. N onetheless, this explanation seem s
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highly unlikely given the degree o f similarity between the two tasks. Secondly, if, as 
suggested previously, the internal standard were mis-estimated and observers’ size  
settings are approximately correct with respect to this internal standard. Then the 
depth settings would indicate an overestimation o f perceived depth at each distance. 
To quantify the degree to which view ing distance was taken into account in making 
judgem ents o f size and depth the raw data (in cm) were converted into ‘effective 
scaling distances’ (Foley, 1980). For depth intervals, the mathematical techniques 
used were identical to those outlined in chapter 3. For the size intervals, the 
computation is based on the same assumption that any error in the settings is 
attributable to a m is-estim ate o f the view ing distance. The angular size (0) o f  a target 
that is fixated centrally can be derived from its absolute distance from the observer
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(D) and its physical size in the fronto-parallel plane (p) by the fo llow ing formula:
Ptan - <u >V2
The ‘effective scaling distance’ (S) is the distance where the angular size set by the 
observer w ould give rise to a veridical (i.e. 15 or 30 cm) setting. B y  rearranging the 
above equation and substituting the target veridical setting (v) for the physical size it 
follow s: v
(12)
tan
V2 /
Substituting for tan (0/2) from equation 11:
S — —— (13)
P
The ‘effective scaling distance’ is plotted against the actual view ing distance for size  
and depth judgem ents in figures 5.4a-c. The ratios o f the ‘effective scaling distance’ 
to the physical view ing distance for size and depth judgements are plotted against 
physical view ing distance in figures 5.4d-f.
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Figure 5.4. The graphs plot the ‘estimated’ scaling distance against viewing distance, and 
the ratio of ‘estimated’ scaling distance to viewing distance as a function of the viewing 
distance for (a-b) monocular motion, (c-d) static disparity, and (e-f) binocular motion 
conditions. The symbols indicate the experimental conditions: the small triangle base settings 
( • ) ,  the small triangle apex settings (A), the large triangle base settings (O) and large triangle 
apex settings (A).
Figure 5.4a and b plot the results o f  the monocular motion condition. From figure 
5.4a, it is apparent that observers took account o f increases in view ing distance in 
making their settings (as shown by the linear increase in the estimated ‘scaling  
distance’ with view ing distance) although they over-estimated the absolute distance in 
each case. Figure 5.4b, indicates that they preserve constancy (denoted by a slope o f  
0) reasonably w ell but there are fluctuations in settings across the view ing distances. 
A long with figure 5.3a (which indicated near perfect constancy in the size-to-depth  
ratios) this result is consistent with the use o f U llm an’s theorem alongside an 
unreliable (variable) estimate o f  the size (based on scaling the angular size by the 
angular' rotation). In figures 5.4c, d, e and f, which plot results from the static and 
m oving binocular conditions respectively, a trend emerges that w ould be expected on 
the basis o f  figures 5.3b and c. Again, figures 5.4c and e indicate view ing distance 
was taken into account (increasing linear functions) with observers more accurately 
estim ating depth than size. H owever, figures 5.4d and f  reveal a difference in the 
patterns o f the two conditions. In the static binocular condition, there is a linear 
decrease in the ratio o f the ‘scaling distance’ to view ing distance with increases in 
view ing distance. This is consistent with an increasing com pression o f depth with  
view ing distance (H olway & Boring, 1941; G ogel, 1960; Foley, 1980; Wagner, 1985, 
Loom is et al, 1992). In contrast for the com bined disparity and motion condition, the 
ratio o f  ‘scaling’ to view ing distance remained relatively constant across view ing  
distances. Additionally, the results for the depth estimates were closer to veridical (as 
indicated by the zero line in figure 5.4f) than for the monocular motion condition  
(figure 5.4b). These differences in performance from the single cue conditions 
indicate som e degree o f interaction between the tw o cues.
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Figure 5.5. The graphs plot the ‘estimated’ scaling distance against viewing distance, and 
the ratio of the ‘estimated’ scaling distance to viewing distance against viewing distance for 
(a-b) monocular motion, (c-d) static disparity, and (e-f) binocular motion conditions. The 
scaling distance is calculated from an estimate of each observer’s internal standard. The 
symbols indicate the experimental conditions: the small triangle base settings ( • ) ,  the small 
triangle apex settings (A), the large triangle base settings (O) and large triangle apex settings 
(A).
Another possibility in the interpretation o f these results, as introduced above, is that 
the correct estimate o f view ing distance was used to make the size and depth settings 
but the internal standard used by the observers differed from the physical reference 
used in the experiments. This possibility is seldom  addressed in experiments on depth 
constancy although it is consistent with the patterns o f results presented in figure 5.3 
where it is evident that observers set a fixed, but incorrect, physical size irrespective 
o f changes in view ing distance.
To assess this possibility further the data was re-plotted using the same technique as 
for figure 5.4, but this tim e the physical size o f the reference was replaced in the 
scaling distance computation by an estimate o f the observers’ internal standard which  
was based on the overall average o f their size settings (across all three 'depth cue' 
conditions). The size settings were used because previous studies have generally 
found estimates o f size to be close to veridical (see H olw ay and Boring, 1941; G ogel, 
1960; Baird and Biersdorf, 1967). The fact that the depth/size ratio was close to 1 for 
monocular motion (although the overall size was underestimated) is reflected in figure 
5.5a where the data falls along the leading diagonal. This time estimates o f size and 
depth constancy (from figure 5.5b) average -103%  and 99%2, nearly perfect 
performance for both indices. This suggests that changes in view ing distance were 
compensated for correctly —  assuming a different internal standard was used in 
making the settings in this condition. For the disparity only condition (figure 5.5c and 
d) and the disparity plus motion (figure 5.5e and f) the results form a similar pattern 
and suggest that an underestimated view ing distance was used to compute depth. 
H owever, depth constancy is much better within the com bined condition (the slope in
163
2 The constancy ratios are converted into percentages (multiplied by 100) when quoted in the text.
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5 .5 f is close to zero and the constancy was -88% ) than the static binocular condition  
(depth estimates decreased with distance and were on average -85%  o f the view ing  
distance). S ize estimates were highly accurate as a result o f  the transformation 
(constancy estimates o f 99% and 98% in the static binocular and combined  
conditions) which is consistent with previous studies
^  V iew ing Distance (cm) V iew ing D istance (cm)
q V iew ing Distance (cm)
Figure 5.5. Plots the scaling distance as a function of the physical viewing distance at which 
the ratio of the size and depth settings were equal to 1 for each o f the three ’depth cue' 
viewing conditions: (a) monocular motion, (b) static binocular, and (c) binocular motion. The 
different denote the 15 cm reference ( • )  and the 30 cm reference (O). Symbols are the same 
as those in figure 5.3. The dashed line indicates perfect shape scaling (i.e. the set o f shapes 
with a size to depth ratio o f 1).
O f course it is also possib le that different internal standards were adopted both for the 
size and for the depth settings in these conditions. If so, then the settings for size and
depth in both the binocular conditions w ould also fall near to the leading diagonal in a 
similar manner to the monocular motion condition. It seem s more parsimonious to 
assume that observers used the same standard to judge both size and depth. This was 
their impression. Given this assumption, the data from figure 5.3 can be re-plotted 
using the technique described in Johnston (1991) to determine the distance where the 
angular size and disparity set by the observer reflected an object with a size/depth  
ratio o f 1 (regardless o f actual size). The results o f  this analysis are shown in figure
5.6 (which re-plots the data from figure 5.3 in terms o f scaling distance).
Figure 5.6a shows the results from the monocular motion condition and indicates that 
the correct size/depth ratio was set irrespective o f absolute size as w ould be expected  
on the basis o f  figure 5.3a. The average slope o f  the best fitting straight lines is 0.9. 
In the binocular m oving condition (figure 5.6c) an average slope o f 0 .77 was found 
compared to 0.5 for the static binocular condition (figure 5.6b). Figure 5.6 clearly 
show s that the addition o f  motion information improves performance over the 
disparity-only condition. Although the disparity also affects performance as settings 
are less accurate than in the m otion-only condition (where several ways o f  
determining size/depth ratios may be available). The results in figure 5.6b and 5.6c  
are consistent with an interpretation based on m is-estimates o f view ing distance or a 
m is-estim ate o f internal standard as both types o f error cause a change in slope.
If observers did make settings that corresponded to the size o f the physical reference, 
then biases in performance can be attributed to m is-estimates in view ing distance. In 
this context it appears from figures 5.4 and 5.5 that different estim ates o f view ing  
distance were used in making size and depth judgements. This finding is consistent 
for the two sizes o f reference used. Figure 5.7 plots the relationship between the
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‘effective scaling distance’ com puted for size and the effective scaling distance 
computed for depth (as plotted in figure 5.4) in each view ing condition (not including 
static monocular) to make this relationship explicit. This figure show s how the size  
and depth settings scale together as opposed to how each scale with view ing distance 
(as shown in figures 5.4 and 5.5). If the same estimate was used in both judgements 
then the data should coalesce along the leading diagonal. Clearly there is a strong 
correlation between the scaling distances used for size and depth.
Figure 5.7. Plots effective scaling distance for size settings (ordinate) against those for depth 
settings (abscissa) for the monocular motion (O), static binocular (□) and binocular motion 
(♦) conditions. The full line indicates the best fitting straight line across the three conditions. 
Point lying on the leading diagonal would indicate perfect correspondence between the 
distance estimates used for both judgements. The hatched lines on either side of the leading 
diagonal indicate mis-estimates of the absolute size of 60% (slope greater than 1) and 140% 
of the veridical size.
Van Dam m e and Brenner (1997) presented a similar figure. H ow ever although they 
found a close correspondence between the distances used for size and depth it appears 
the current experiment did not. Rather, the scaling distance used for size was 
system atically overestimated relative to that used for depth in all 3 view ing  
conditions. This result was also evident in som e o f the data plotted in figure 5.4. 
Before reaching this conclusion, however, the possibility, discussed earlier, o f  a 
different internal standard being used, should also be addressed. The hatched lines in
the figure indicate how the results w ould  appear if  absolute size o f  the two references 
was underestimated (slope greater than 1) or overestimated (slope less than 1). There 
is a close correspondence between the line o f  best fit (full line in the figure 5.7) and 
the hatched line that depicts the outcom e o f underestimating the reference sizes by 
60%. This suggests, in com m on with the arguments above, that the results are 
equally consistent with the use o f  a different internal standard and that similar 
estim ates o f  view ing distance may have been used in making both size and depth 
settings. Taken together with the arguments raised earlier, and previous empirical 
results on this issue, this conclusion seem s likely.
5 .2 .3  D iscussion
The present experiment was designed to determine the degree to which size and depth 
constancy are maintained on the basis o f binocular dispaiity and motion parallax 
information, presented separately and in combination, using (quasi) natural stimuli 
and view ing conditions. The results suggest that estimates o f size and depth were not 
maintained accurately when either dispaiity or parallax are the principle depth cues 
—  presented separately or together (cf. figure 5.2 and table 5.1). In terms o f depth 
constancy, monocular motion produced a reasonably constant overestimation o f  
view ing distance (-115% ) whereas on the basis o f binocular disparity they declined  
with the physical view ing distance though on average they were more accurate (97%). 
W hen both disparity and parallax were present, which through their combination  
provides further information for the recovery o f both size and depth veridically, they 
produced a slight overestimation o f  v iew ing distance (103% ) but depth constancy was
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higher. In all view ing conditions size constancy was good but their scaling distances 
were consistently underestimated. This pattern in the data led to an alternative 
interpretation o f the observers’ performance that was based on the premise that an 
incorrect standard may have been used to make settings. In this light, the size and 
depth settings were very good and estim ates o f size and depth constancy in all three 
conditions were close to 100%.
In the monocular motion condition the correct size to depth ratio was recovered  
although both the size and the depth were underestimated at each o f  the view ing  
distances. The fact that there is not a proportional relationship between size and 
depth scaling as a function o f distance suggests that a schem e based on estimating 
ego-rotation was not used here. Rather, this result at first sight appeal's more 
consistent with U llm an’s schem e o f recovering rotation angle from visual information 
(higher order motion parameters) which leaves absolute size undetermined. 
H owever, if  an incorrect standard (67% o f veridical) was used in making the settings 
then perfect size and depth constancy were maintained in this condition (see figure 
5.5) and the pattern o f results is equally consistent with view ing distance being  
recovered via ego-m otion. Though, it also remains possible even if  the internal 
standard was underestimated that U llm an’s schem e was used along with an estimate 
of scaling distance. This would explain the very good size to depth ratios (figure 
5.3a) for the monocular motion condition compared to the binocular conditions.
In the static binocular condition size to depth ratios were m isperceived with 
progressively more depth being set in the stimulus at farther distances. The size  
settings, in both conditions, remained reasonably invariant with changes in view ing  
distance. These results are consistent with the interpretation that observers used a
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m is-estimate o f view ing distance to scale the disparity information to recover size and 
depth (Foley, 1980; Johnston, 1991; Rogers & Bradshaw, 1993). This failure is most 
likely due to the fact that vergence angle cannot be reliably estimated in low -light 
conditions (see Foley, 1980; O wens & Leibowitz, 1980) and vertical disparities were 
not available. The bias introduced by this is consistent with the ‘specific distance 
tendency’ in which the distance o f far objects are underestimated and the distance o f  
close objects are overestimated (see Johnston, 1991).
When both disparity and motion cues were available which provides, in principle, 
sufficient information to recover veridical size and depth information (Richards, 
1985) the pattern o f results appeared to share important features o f both the motion- 
and disparity-only conditions. In com m on with the m otion-only data, size and depth 
judgements were consistent across view ing distances; and in common with the 
disparity-only data, size/depth ratios were less than 1. It is clear that the size/depth  
ratios o f unity obtained in the motion parallax conditions were not used to constrain 
the settings in the com bined cue condition, which Richards’ proposal would predict. 
W hen the raw data were converted into ‘effective scaling distances’ depth constancy  
in the com bined-cue condition was estimated to be 93% compared to 106% and 75%  
in the motion and disparity conditions respectively. Again depth-from-disparity and 
depth-from-motion appear to be com puted quite separately and averaged together at 
the end. This pattern o f results is actually quite w ell described by weak fusion  
(Landy et al, 1995) that is, the perceptual outcom e is a sim ple average o f the 
outcom es in the two isolated conditions. The fact that Johnston et al (1994) found  
evidence for a strong fusion interaction in their 2-frame binocular motion conditions 
does not necessarily contradict the results. In their conditions this was the only
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strategy open to the visual system  to com plete the task whereas here, the results from  
the individual-cue conditions suggest that sufficient information was available to 
recover size and depth information. This is consistent with the suggestion that the 
visual system  may switch strategies based on the information available and according 
to the demands o f a particular task (Rogers & Bradshaw, 1995a; Glennerster et al, 
1996). Therefore the estim ate o f size and depth constancy were high, particularly 
with the transformed data which incorporated the assumption that an incorrect 
standard was used in making settings. The magnitude o f these constancy estimates, 
and those within chapter 3, are similar to those found by Rogers and Bradshaw  
(1995a), Bradshaw et al (1996) and Glennerster et al, (1996) whereas the magnitude 
o f the mean errors are more typical o f  those found by Norman et al (1996). H owever  
as noted earlier, these studies used a range o f different tasks.
A  further question addressed by the experiment was whether the sam e estimate o f  
view ing distance was used to scale information about size and depth. This has been  
the focus o f several recent studies using computer displays. A  high positive 
correlation was found between the effective scaling distances for the size and depth 
judgem ents although the slope o f  the best fitting regression line was considerably 
greater than 1. At first sight, therefore, the scaling distances used for size and depth 
seem ed different. However, when the possibility that observers may have been using 
an incorrect standard (67% o f actual size) in making their settings is taken into 
account then the data suggest similar estim ates o f distance were used in both cases. 
This is because o f the nature o f  the scaling process: size is inversely proportional to 
distance whereas depth is inversely proportional to the distance squared. Certainly
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this conclusion is consistent with that made by Rogers and Bradshaw (1995b) and van 
D am m e and Brenner (1997).
In conclusion, the experiment found that motion information generated by head 
m ovem ents, is sufficient to recover size/depth ratios correctly although overall size  
was consistently underestimated. The size/depth ratios were m isperceived in the 
binocular disparity condition with progressively more depth being set in the stimulus 
at farther distances. W hen both disparity and parallax were available together, the 
perceptual outcom e was consistent with an averaging o f the information provided by 
either cue when presented separately. H ow ever estimates o f size and depth constancy 
were high which indicated that changes in view ing distance were taken into account 
when settings were made in each o f  the view ing conditions. The consistent pattern of 
underestimation in the size settings suggested that observers might have used an 
incorrect version o f the standard size to make their settings. W hen the data were 
interpreted in this light, settings were accurate and size and depth constancy was 
remarkably good. In experiments on depth and size constancy many experimental, 
stimulus and observer factors can affect performance (Glennerster et al, 1996). In 
accounting for the markedly different estim ates o f our ability to recover size and 
depth on the basis o f  disparity and motion cues the story is certainly more involved  
than the issue o f natural versus computer generated stimuli.
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The Recovery o f the 3-d Structure o f Physical Stim uli from Binocular  
Disparity Inform ation within an Illum inated Structured Environm ent.
6.1 Introduction
The experiments in chapters 3, 4 and 5 demonstrated that binocular disparity and 
m otion parallax information did not alone, or in combination, support a veridical 
percept o f depth magnitude w hen presented in isolation from other sources o f 
information. These findings were consistent w ith those o f many previous studies 
using both real and simulated stimuli that have argued that these cues cannot be used 
to recover metric scene structure (e.g. Foley, 1980; Todd & Bressan, 1990; Collett et 
al, 1991; Johnston, 1991; Todd & Norman, 1991; Liter et al, 1994; Glennerster et al, 
1996, 1998; Rogers & Bradshaw, 1993, 1995a; Tittle et al, 1995; Todd et al, 1995; 
N orm an et al, 1996). However, Durgin et al (1995) and Frisby et al (1996) found 
considerably better performance and attributed deviations from constancy within 
many previous studies to the poor range o f cues available within the experimental 
viewing environment. In the current chapter two experiments are presented that 
examined observers' judgem ent o f depth on the basis o f binocular disparity or motion 
parallax information presented in conjunction with a range o f  additional depth cues. 
The first experiment examined judgements using the same stimuli as the earlier 
experiments but viewed within a fully illuminated structured viewing environment.
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CHAPTER 6
ft
The second experiment assessed judgements o f the shape o f triangular ridges viewed 
in the dark but with a range o f surface texture cues available.
Durgin et al (1995) and Frisby et al (1996) attributed the departures from veridical 
perception found within previous studies o f shape and depth constancy to three main 
factors (either alone or in combination): (z) impoverished experimental viewing 
environments which remove depth and distance cues available in normal viewing (e.g. 
perspective cues), (ii) artefacts resulting from the use o f com puter generated stimuli 
(e.g. conflicts from accommodation) and (iii) the use o f artificial discontinuous stimuli 
(i.e. m any previous studies have focused upon shapes defined by points, or rods, at 
their apices rather than continuous surfaces).
Durgin et al (1995) claimed that w hen viewing simulated or real surfaces within an 
illuminated environment the available cues facilitated the precise recovery o f viewing 
distance and hence the calibration o f  binocular disparities (though these cues did not 
similarly aid the recovery o f angular rotation and the calibration o f motion 
information). In particular, they emphasised the importance o f  perspective cues 
present on the ground plane which had previously been established as an effective cue 
to absolute distance (O ’Leary & Wallach, 1980). However, the degree to which 
parallax and disparity information can support veridical perception even in the 
presence o f these additional cues is open to question. Studies conducted outside in 
fields (Wagner, 1985; Loomis et al, 1992) and in illuminated structured environments 
(Glennerster et al, 1996; Norm an et al, 1996) found system atic distortions o f depth 
persist despite the presence o f a wide range o f cues. There are, however, at least tw o 
differences between these experiments and those o f Durgin et al. Firstly, distance
1 7 3
judgem ent experiments conducted in fields were generally conducted at much greater 
viewing distances than those within laboratory based studies. The relative 
effectiveness o f different cues is a function o f the absolute viewing distance (Cutting 
& Vishton, 1995). Hence, a combination o f cues that supports a veridical percept o f 
depth at close viewing distances might not be as effective at greater viewing distances. 
Secondly, the use o f discontinuous stimuli (Wagner, 1985; Loomis et al, 1992; 
Norm an et al, 1996) rather than a continuous surface.
Durgin et als1 claim was assessed w ith in  the first experiment which examined depth 
judgements at five viewing distances between 1.5 and 3 m etres in a structured well 
illuminated environment. These viewing distances were similar to those o f Durgin et 
al but closer than those for the studies conducted in fields (Wagner, 1985; Loomis et 
al, 1992). The large number o f  viewing distances employed facilitated the detection 
o f  small trends deviating from constancy.
An aim  o f both o f the experiments was to rem ove any potential artefacts arising from 
accommodation that m ay have been present in earlier experiments. Buckley, Frisby 
and their collaborators have in a series o f papers criticised the interpretation o f results 
from studies using com puter simulated stimuli for failing to consider the importance 
o f accommodation (Buckley & Frisby 1993; Frisby, Buckley & Horsman, 1995a; 
Frisby et al, 1996; Brennand, Buckley, Davies & Frisby, 1998). Specifically, these 
authors claimed that problems arise due to conflicts in either the relative depth 
(Buckley & Frisby, 1993) or the absolute distance (Frisby et al, 1995a; Brennand et 
al, 1998) signalled by accommodation and that signalled by binocular cues (disparity 
or vergence).
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Physical stimuli, such as those used within the current thesis, should in principal 
contain no conflicts between accommodation and other depth cues. However, in 
practice previous studies (Liebowitz & Owens, 1975; Owens & Liebowitz, 1980) 
have shown that when isolated point light sources are viewed in the dark 
accommodation can default to a resting state. Although the exact position o f this 
resting state is subject to considerable individual variation it typically averages around 
59 cm (Liebowitz & Owens, 1975). Brennand et al (1999) argued that individual 
variation in observers’ biases w ithin depth estimation tasks conducted in dimly lit 
environments is caused by conflicts between stereoscopic cues and information 
signalled by the resting state o f accommodation.
The first experiment employed physical stimuli w ithin a well-illuminated 
environment and the second experiment used physical surfaces defined by a large 
number o f LEDs. As a consequence, the stimuli within both experiments provided 
effective accommodative information that was consistent w ith the other distance and 
depth cues. Therefore, any system atic biases that exist w ithin these studies cannot 
be attributable to conflicting information signalled by accommodation.
The second experiment addressed Frisby et als’ suggestion that their use o f 
continuous stimuli may have been partially responsible for the relatively low 
magnitude o f observers' setting errors within their experiments. There are in principal 
two main ways in which this factor might effect judgements. Firstly, continuous 
surfaces are potentially a more effective stimulus for accommodation than point light 
sources (see above). Secondly, physical continuous surfaces may contain additional 
depth or slant information from texture cues that can modify disparity based depth
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estimates (Buckley & Frisby, 1993). This latter factor was examined explicitly in the 
second experiment by comparing the judgem ent o f surfaces, viewed either binocularly 
or m onocularly with head movements, which varied in the effectiveness o f  the texture 
cues they provided.
The accommodative state o f  the observers’ eyes was not, however, manipulated
»
within the current experiment due, to the practical limitations in doing this whilst 
viewing dynamic real world stimuli. There are two techniques for manipulating 
accommodation whilst viewing physical stimuli: (z) the use o f a drug that paralyses 
the ciliary muscles (e.g. homatropine) so not allowing changes in the accommodative 
state o f  the eyes or (ii) an artificial pupil that increases the depth o f  field to bring all 
points within the scene into focus. The former is impractical due to pragmatic 
difficulties in gaining ethical approval and access to homatropine. The latter limits the 
utility o f accommodation rather than to introduce the conflicting information, which 
Frisby et al (1996) claimed caused departures from constancy. Furthermore, the
fe
existence o f departures from constancy in situations where accommodation 
information is fully consistent w ith other depth cues is sufficient to demonstrate that 
it cannot be their sole cause.
In summary, the two experiments presented within this chapter assess the degree to 
which failures o f constancy found in the earlier experiment can be explained by the 
impoverished range o f  available cues within the viewing conditions. They specifically 
examine the effects o f introducing different o f monocular* pictorial cues upon 
stereoscopic and parallax based depth judgem ents.
1 7 6
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In experiments 3.2 and 5 it was demonstrated that observers could not derive a metric
representation o f scene structure on the basis o f binocular disparity information
presented in isolation from other information sources. The results showed that under
those viewing conditions the observers' perception o f  shape was system atically
biased and this was attributed to the m is-estim ation o f the appropriate scaling factors.
One question left open by these experiments is the degree to which observers can
. *
recover a veridical estimate o f shape when a greater range o f cues is available.
The current experiment examined the degree to which the addition o f  a range o f 
monocular pictorial information, including perspective and familial' size cues, affected 
observers’ percept o f shape in a task matched to that used within experiment 3.2. It 
assessed the degree to which the task could be performed on the basis o f pictorial 
cues alone (monocularly) and the degree to which they enhanced performance in 
conjunction w ith binocular disparity information. A greater range o f  distances was 
used than employed in the previous shape task (experiment 3.2) to help identify 
small departures from a veridical percept. Any departures from constancy would, if
t
they existed, almost certainly be o f  a  lower magnitude than those found within the 
dark viewing environment due to the increase in the range o f  available information 
sources.
Observers viewed stimuli on a table top that provided three sources o f  ground plane 
perspective cues: (i) the natural texture (grain) o f  the wooden table which stretched 
away from the observer along the line o f  sight approximately parallel to the centre
6 .2  E x p e r i m e n t  6 .1  -  I l l u m i n a t e d  S t r u c t u r e d  E n v i r o n m e n t  T a s k .
line, (ii) the edges o f the table and the tracks along which the adjustable LED moved 
(which were also parallel to the centre line) and (iii) a regular pattern o f  horizontal 
lines orthogonal to the centre line that were added to the surface o f the table. The 
familiar size cue arose from observers viewing the stimuli and its supporting 
fram ework at different distances and so comparing the change in its angular size 
across the viewing distances (Predebon, 1992). Additionally, as the experiments were 
performed in a fully illuminated environment any information signalled by 
accom modation would be fully consistent w ith other depth cues. Hence, there was a 
rich array o f monocular pictorial information sources available within the viewing 
environment. The use o f a  monocular' condition allowed an assessm ent o f the degree 
to which the task could be performed on the basis o f the pictorial cues alone and 
consequently whether the presence o f these cues actually enhanced the accuracy o f 
disparity based depth estimates.
6.2.1 Method
6.2.1.1 Observers
Four observers participated as unpaid volunteers within the experiment. Three had 
participated within the experiments in chapters 3 and 4. The fourth was an 
experienced psychophysical observer who was naive to the experimental procedure.ft
6.2.1.2 Apparatus
1 7 8
T h e  s t im u li  c o n s is te d  o f  c o n f ig u ra t io n s  o f  3 b r ig h t  y e l lo w  L E D s ,  w h ic h  w e r e
presented in a well-illuminated room (see chapter 3). The LEDs were carefully
aligned in the horizontal meridian o f  the observer’s eyes (28 cm above the surface o f
the table) and were centred in a 4 cm square piece o f  black cardboard. The adjustable
LED moved along tracks lying down the centre line. The two fixed LEDs were each
attached to separate horizontal steel bars (1 cm diameter) which in t o n  were joined to
*
similar vertical bars clamped to the table either side o f the centre line. For each trial 
the LEDs were positioned either 7.5 (small Mangle) or 15 (large Mangle) cm either 
side of, and orthogonal to, the centre line. The base lights were 150, 178, 212, 252 or 
300 cm from the origin (observer). The natural texture cues o f the table’s surface 
were supplem ented by strips o f  blue tape (1.5 cm wide) placed at a regular series o f 
intervals orthogonal to the centre line. The initial strip was positioned 35 cm from 
the observer with subsequent strips positioned at 25 cm  intervals along the table.
6.2.1.3 Design and procedure
As within the shape task (experiment 3.2), the observer was required to move an 
adjustable LED in front o f two fixed LEDs, on either side o f the centre line, such that 
the interval (h) between it and their centre point was the same as their separation (b) 
(see figure 3.3). The experiments were perform ed under two viewing conditions: (i) 
static m onocular (control) and (it) static binocular. Each observer made 6 settings for 
both viewing conditions and base sizes (15 and 30 cm) at all 5 viewing distances. The 
observer’s eyes were closed between trials. The experiments were performed in 4 
blocks o f 30 trials run over several days. The 2 viewing cue conditions, 5 viewing 
distances and 2 stimulus sizes were presented in a random order across all 4
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6.2.2 Results
The settings which observers made for the large (30 cm) base size were halved in 
order to convert them  to the same scale as those for the small (15 cm) base size (see 
experiment 3.2). There were no theoretical expectations for the settings for the tw o 
triangles to differ and no significant difference (F {3=3.39, p>0.05) was found.
t
Therefore, data for the two base sizes was combined for the purposes o f further 
analysis. Figure 6.1 presents the signed means, in cms, for the four observers’ 
settings w ith the error bars representing the standard error o f the means. Table 6.1 
shows the accuracy (mean setting error) and reliability (SD) o f the settings expressed 
as percentages o f the veridical value averaged across the five viewing distances.
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F i g u r e  6 .1 .  P lo t s  t h e  m e a n  ( n = 4 )  d e p t h  s e t t i n g s ,  in  c m ,  a s  a  f u n c t i o n  o f  t h e  v i e w i n g  d i s ta n c e  
w i t h  e r r o r  b a r s  r e p r e s e n t i n g  ± 1 S E .  T h e  d i f f e r e n t  s y m b o l s  r e p r e s e n t  t h e  i n d i v i d u a l  v i e w in g  
c o n d i t i o n s :  s t a t i c  m o n o c u l a r  v i e w i n g  ( • )  a n d  s t a t i c  b i n o c u l a r  v i e w i n g  ( A ) .  T h e  d a s h e d  
h o r i z o n t a l  l i n e  i n d i c a t e s  i d e a l  ( v e r id i c a l )  p e r f o r m a n c e  a t  b o t h  v i e w i n g  d i s t a n c e s .  N o t e  th e  
s c a l e  o f  t h i s  g r a p h  is  m u c h  s m a l l e r  ( 5 0 % )  t h a n  t h a t  u s e d  f o r  t h e  s h a p e  t a s k  ( e x p e r i m e n t  3 .2 ) .
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Viewing Condition M ean  SD
Static Monocular 
Static Binocular
13 27 
10 10
T a b l e  6 .1 .  G r o u p  ( n = 4 )  d e p t h  j u d g e m e n t  p e r f o r m a n c e  in d i c e s  ( e x p r e s s e d  a s  a  p e r c e n t a g e  o f  
t h e  v e r i d i c a l  s e t t i n g ) .  • *
The performance indices in table 6.1 demonstrate that observers’ settings were least 
accurate and reliable within the monocular condition. There was no significant 
difference in observers’ mean settings between the two viewing conditions (F, 3= 0 .11, 
p>0.05). However, as the observers’ sensitivity within the monocular condition was 
considerably less than for the static binocular condition (table 6.1 shows that the 
observers’ average SD differed by a factor o f almost 3) it was concluded that the task 
could not be completed optimally on the basis o f  monocular cues.
A comparison o f the current task w ith the shape task (section 3.3) shows that the 
additional cues from a fully illuminated viewing environment resulted in a considerable 
improvement in accuracy and sensitivity within both conditions. Unlike the shape 
task, one-way t-tests revealed that neither condition exhibited a significant bias 
(p>0.05) from zero at any o f  the viewing distances. However, there was a highly 
significant difference between m ean settings at different viewing distances (F4 12=7.59, 
p<0.005). Post-hoc tests found that there was a significant trend within both 
monocular (Pages L=212; p<0.001) and binocular (Pages L=209; p<0.01) conditions 
for settings to increase as a function o f the viewing distance. This clearly 
demonstrates that perceived depth intervals are system atically compressed with 
distance despite the availability o f a large range o f monocular and binocular depth 
cues.
The results were converted into ‘estimated scaling distances’ (as outlined in section
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3.3.2) and are plotted as (i) ‘viewing distance’ against ‘estimated scaling distance’ 
(figures 6.2a), and (ii) the ratios o f the ‘estimated scaling distance’ to the ‘viewing 
distance’ (figures 6.2b). Although, the monocular condition does not contain 
disparities it was converted using the same formula to quantify the degree to which 
observers could take distance into account on the basis o f the m onocular cues.
F i g u r e  6 .2 .  T h e  c o m b i n e d  d a t a  f o r  b o t h  t r i a n g l e s  is  p l o t t e d  a s  ( a )  t h e  ‘e s t i m a t e d 5 s c a l in g  
d i s t a n c e  a t  w h i c h  t h e  a n g u l a r  e x t e n t  o f  t h e  d e p t h  s e t t i n g s  w o u l d  h a v e  b e e n  v e r id i c a l  a s  a 
f u n c t i o n  o f  t h e  p h y s i c a l  v i e w i n g  d i s t a n c e ,  a n d  ( b )  t h e  r a t i o  o f  t h e  ‘e s t i m a t e d ’ s c a l i n g  d i s ta n c e  
t o  t h e  v i e w i n g  d i s t a n c e  a s  a  f u n c t i o n  o f  t h e  v i e w i n g  d i s t a n c e .  T h e  s y m b o l s  r e p r e s e n t  t h e  t w o  
v i e w i n g  c o n d i t i o n s :  s t a t i c  m o n o c u l a r  v i e w i n g  ( • )  a n d  s t a t i c  b i n o c u l a r  v i e w i n g  ( A ) .  T h e  
d a s h e d  l i n e  i n d i c a t e s  p e r f e c t  c o r r e s p o n d e n c e  b e tw e e n  e s t i m a t e d  a n d  a c t u a l  v i e w i n g  d i s ta n c e .
N B :  n o te  t h e  s m a l l e r  r a n g e  o n  g r a p h  b 'c o m p a r e d  w i t h  c o r r e s p o n d i n g  g r a p h s  in  o t h e r  c h a p t e r s .
The results in figures 6.2a and 6.2b confirm that observers’ settings exhibit a 
relatively small, but systematic, departure from  a veridical percept and they appear to 
take the different viewing distances into account. However, observers do not exhibit 
perfect constancy in either condition (on average 96% and 95% in monocular and 
binocular conditions respectively) as their biases tended to increase w ith the viewing 
distance. They are, however, considerably more accurate than within the dark 
viewing environment (the average constancy within the binocular condition was
- 8 4 % ) .
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6.2.3 Discussion
The results from the current experiment show that monocular pictorial cues can 
improve the estimation o f distance and relative depth when viewing physical stimuli. 
However, the observers’ settings also demonstrate that system atic distortions still 
exist in their perception o f physical space. This provides further support for the 
claim that visual space is non-Euclidean and that the perceived depth o f a fixed 
interval declines as the absolute viewing distance increases (e.g. Foley, 1980; Todd & 
Bressan, 1990; Collett et al, 1991; Johnston, 1991; Todd & Norm an, 1991; Liter et 
al, 1994; Glennerster et al, 1996, 1998; Rogers & Bradshaw, 1993, 1995a; Tittle et al, 
1995; Todd et al, 1995; Norm an et al, 1996).
Observers' performance w ithin the binocular viewing condition was more accurate 
than w ithin the m onocular condition. Furthermore, as their stereoscopic performance 
was considerably better than observed earlier on the basis o f disparity information 
alone (see the shape task section 3.3) it is possible to conclude that disparity and 
pictorial cues interacted. The considerably improved constancy suggested that the 
increased accuracy was due to an improvement in observers’ estimates o f viewing 
distance. Additionally, the deviations from constancy cannot be attributable to 
conflicting information from accommodation as no such conflicts existed within the 
viewing conditions.
The results within the binocular condition (M ean and SD o f 10 and 10 respectively) 
were in general o f a similar magnitude to those found by Frisby et al (1996) (M ean 
and SD o f  11 and 8 respectively; see their experiment 6) who concluded that binocular 
viewing could support accurate representations o f the metric scene structure. The 
difference between their conclusions and those o f the current experiment partially 
reflected the difficulty o f determining generally accepted criteria o f ‘good’ 
performance. An examination o f the Frisby et als' data (see figure 10 pp. 151) 
revealed that they found a small trend consistent with the m is-estim ation o f scaling 
distance. All o f the depth intervals at the far viewing distance (355 cm) were 
overestimated and those at the closer distances (78 and 158 cm) were both 
underestimated. Furthermore, those at the closest distance generally produced the 
largest underestimates. Consequently, it is possible to*conclude that though their data 
indicated more accurate performance than many other studies it is still entirely 
compatible w ith a  systematic compression o f visual space.
Although observers’ performance within these experimental conditions was better 
than for the dark viewing environm ent it still fell far short o f the extremely high levels 
o f constancy found by D urgin et al (1995). The greater accuracy o f  observers within 
their study might be attributable to the stimuli being continuous surfaces rather than a 
shape defined by LEDs at its apices, this issue is addressed within experiment 6.2.
In summary, the current experiment provides further evidence to support the 
suggestion that the accuracy and reliability o f observers’ estimates o f depth magnitude 
are dependent on the range o f available visual cues (Cutting & Vishton, 1995). 
Although the results demonstrate that monocular pictorial cues can improve the
1 8 4
accuracy and reliability o f observers’ depth settings because several cues were 
introduced simultaneously it is not possible, purely on the basis o f  these results, to 
determine the relative benefits afforded by any particular information source, e.g. the 
relative benefits o f perspective and accommodation. Although M ather (1996, 1997) 
has reported findings that casts doubt on the utility o f accommodation within the 
ranges o f  distances and depths used within these experiments (see chapter 7 for a 
more detailed discussion). However, the results show that even in a multi-cue viewing 
environm ent observers can still demonstrate systematic deviations from veridical 
perception.
6.3 The Derivation o f Surface Slant from Texture Inform ation
Gibson (1950) noted the significance o f surface texture as a potential source o f 
information about surface slant or inclination. However, he did not attem pt to 
specify formally the different sources o f information that are potentially available 
w ithin a textured surface. For randomly patterned surfaces, Cutting & M illard (1984) 
have proposed that there are three mam sources o f available texture information: (i) 
density which is the tendency o f texture elements on a surface to become more closely 
packed together with distance, (ii) compression which is the tendency o f the aspect 
ratio (width-to-length ratio) o f texture elements to change on a curved surface w ith 
distance or to change with increasing orientation in depth for a planar surface and (iii) 
scaling which is the tendency o f the retinal size o f a texture elem ent to decrease as the 
absolute distance increases. These can all be considered instances o f perspective
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information which Howard & Rogers (1995) define as the reduction in the size o f the 
retinal image o f an object in the frontal plane w ith increases in its absolute distance. 
They distinguished three further sources o f  information available in surfaces 
containing a regular' structured pattern (e.g. one comprised o f horizontal or vertical 
line elements): (i) image elevation which is the tendency o f  parts an image above and 
below  the fixation point to draw closer to the fixation point w ith increases in absolute 
distance, (ii) foreshortening which is the tendency o f vertical line elements on a 
surface inclined about a horizontal axis (or horizontal line elements on a surface 
slanted about a horizontal axis) to become shorter as absolute distance increases and 
(iii) linear perspective which is the tendency o f parallel vertical line elements on a 
surface inclined about a  horizontal axis (or horizontal line elements on a surface 
slanted about a vertical axis) to converge as absolute distance increases. In addition to 
the internal texture o f a surface, the outline o f a regularly shaped surface could also 
provide perspective information. For example, the aspect ratio o f  the outline o f  a 
circular surface will become increasingly compressed as it is increasingly orientated in 
depth, and the outline o f a rectangular surface can contain image elevation, 
foreshortening and linear perspective cues.
Although, many sources o f potential information exist w ithin textured surfaces they 
might not necessarily be exploited by the visual system in practice. Several studies 
have attempted to assess the relative importance o f different texture cues both alone 
and in combination with disparity information (e.g. Gillam, 1968; Cutting & Millard, 
1984; Todd & Akerstrom, 1987; Stevens & Brookes, 1988; Buckley & Frisby, 1993; 
Cumming et al, 1993; Blake et al, 1993; Johnston et al, 1993 Frisby et al, 1995b).
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Gillam (1968) found a high degree o f accuracy for observers’ monocular* judgements o f 
the slant o f a planar surface about a vertical axis when it was covered w ith a grid or 
horizontal lines, but that their estimates were poor, for surfaces covered with a 
random texture or vertical line elements. Therefore, Gillam concluded that the major 
determinant o f perceived slant w ithin those surfaces was linear perspective and that 
observers could make little use o f foreshortening information. In a  further experiment 
Gillam used a cue conflict paradigm to assess the interaction o f texture cues and 
binocular disparities. Observers viewed surfaces in which the texture information was 
consistent with a flat fronto-parallel surface whilst disparity was varied using an 
anisekonic lens to simulate slants between 0° and 30°. The experiment was performed 
for two texture conditions, horizontal and vertical lines. For the surfaces with vertical 
line elements depth was almost entirely determined by. the disparity cue. However , 
observers consistently underestim ated the slant o f surfaces containing only horizontal 
line elements. This demonstrated that binocular disparity and linear perspective 
information interact in the determination o f surface depth. Flowever, Stevens and 
Brookes (1988) challenged the generality o f this conclusion by arguing that texture is 
only effective when a surface exhibits either a depth discontinuity or curvature. 
Cumming et al (1993) examined the interaction between binocular disparity and three 
texture cues (density, compression and scaling). They found compression accounted 
for 97% o f  the variance when the three texture cues were m anipulated independently 
on a surface covered with circular texture elements. Blake et al (1993) also found that 
texture density was relatively ineffective for a stereoscopically generated parabolic 
cylinder in which all o f  the depth cues were consistent.
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Johnston et al (1993) examined the strategies employed by the visual system  to 
integrate information from binocular disparity and texture information using three 
stimulus shapes: (j) half-cylinders (orientated around either vertical and horizontal 
axes), (ii) two intersecting planes and (iii) an ellipsoid. In their first experiment they 
examined the effect o f adding a congruent and incongruent (consistent with a flat 
fronto-parallel surface) random  texture. They foimd that adding texture increased the 
amount o f perceived depth and may at close viewing distances even cause the 
observers’ percept to diverge further from veridical. In a second experiment they 
varied the texture cue in order to assess the way in which texture and binocular 
disparities were combined. They found that their data was well described by a 
weighted linear combination rule similar to that outlined by Landy et al (1995) (see 
section 1.1). The weighting o f texture cues increased with the absolute distance, 
which is consistent with Cutting and V ishton’s (1995) suggestion that depth cues are 
differentially weighted at different distances.
In summary, texture information has been shown to interact w ith disparity in the 
judgem ents o f slant for vertically orientated surfaces that exhibit a  discontinuity or 
curvature. The most effective texture cues in previous studies were linear perspective 
and compression. Conversely, observers appeared to receive little benefit from either 
foreshortening or changes in texture density.
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This experiment examined observers' judgem ents o f surface shape on the basis o f 
texture cues in combination w ith disparity or parallax information within a dark 
viewing environment. Observers viewed two planar surfaces o f LEDs hinged around 
a vertical axis and then set the angle o f two adjustable lines on a com puter display to 
m atch the intersection angle o f the surfaces. The prim ary aim o f the experiment was 
to assess the degree to which observers were able to recover a veridical percept o f 
surface slant on the basis o f each o f the different cue combinations.
The texture information was manipulated by comparing performance for a regularly 
patterned surface (25 LEDs equally spaced within a 25 cm square grid) w ith 
perform ance for a  randomly patterned surface (25 randomly spaced LEDs within a 25 
cm square). For the regularly patterned surface, there was a strong outline cue and a 
number o f texture cues available: (z) image elevation as the surface projects above and 
below the meridian o f the eyes, (ii) foreshortening as the LEDs were grouped in 
vertical lines and (iii) linear perspective as the LEDs were also grouped in horizontal 
lines. The results from previous studies (see section 6.3) would predict that the linear 
perspective should provide an especially effective slant cue w ithin these surfaces.fe
For the randomly patterned surface the only one o f these cues available was image 
elevation. In principal compression, density and scaling cues were available on both 
surfaces. However, the effectiveness o f the compression and scaling cues were 
m inimised due to the small size o f the texture elements (5 m m  at distances o f 150, 212 
and 300 cm) and the difficulty o f precisely estimating the size o f a bright light source.
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6 .4  E x p e r i m e n t  6 .2  -  T e x t u r e d  S u r f a c e  T a s k
In  addition, previous studies found little evidence that the visual system  makes use o f 
variations in texture density on a randomly patterned surface. There were two further 
cues potentially available on both surfaces which were not present in the experiments 
w ithin chapters 3, 4 and 5: (i) vertical disparities (within the binocular condition) and 
(ii) accommodation (the array o f  lights provided a more effective stim ulus for this 
cue). However, both cues were available w ithin each surface and so any differences 
between the surfaces could only be attributed to variations in the available texture 
information.
6.4.1 Method
6.4.1.1 Observers
ft
Nine observers participated in th e , experiment with normal, or corrected to normal, 
visual acuity and were able to distinguish depth in the standard Frisby stereo test. All 
were naive to the purpose o f the experiment and seven had never previously 
participated in a psychophysical experiment. Five observers were undergraduate 
students who received research credits for participating and the other four participated 
as unpaid volunteers.
6.4.1.2 Apparatus and Stimuli
The layout o f  the experimental apparatus is illustrated in figure 5.3. The test stimuli
ft
consisted o f two planar reference surfaces o f LEDs hinged about a vertical axis viewed 
in the dark. W hen viewed from above the intersecting surfaces formed a forward
190
pointing triangle. Each surface comprised 25 LEDs either forming (z) a regular
pattern, w ith the LEDs equally spaced within a 25 cm square grid, or (ii) an irregular
pattern w ith the LEDs randomly arranged within the same area. The irregular pattern
was derived from the regular surface by randomly shifting each o f  the LEDs between 3
and -3 cm horizontally and then between 3 and -3 cms vertically. The LEDs on each
surface were wired into one o f four parallel circuits (chosen at random) and the%
luminance o f these circuits was varied at random throughout the experiment (by 
potentiom eters wired into each circuit). The surfaces were positioned such that the 
central row  o f LEDs were aligned in the horizontal meridian at the observer’s eye 
height and the axis around which they were hinged lay down the centre line.
The observer’s perception o f  the intersection angle o f the surfaces was m easured using 
a com puter generated probe, which comprised the angle formed at the apex o f tw o 
lines. These lines could be adjusted by the observer to form an angle between 0° 
(vertical) and 180° (horizontal), and they always moved symm etrically about their 
apex. The initial apex angle o f the line was set randomly between 30° and 150°. They 
were generated by M acintosh LC III and displayed on a 14” Apple m onitor that was 
positioned behind the reference surface, 350 cm from the observer, and 60 cm above 
the horizontal meridian o f the observer’s eyes.
A  cardboard screen attached to a step m otor screened the experimental set-lip from 
the observer between trials. This was lowered after the experimenter had set-up each 
trial, w hen the room  lights were switched off, and raised once the observer had 
completed the trial, when the lights were switched on.
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The observer viewed the LEDs from a headrest which was either fixed for static 
viewing or free to move from side-to-side (see chapter 4). W hen viewing stimuli 
statically, the headrest was fixed such that the centre line o f  the stimuli was aligned 
w ith (0  the dominant eye (monocular viewing) or (ii) m idway betw een the eyes 
(binocular viewing). In m otion conditions the observer’s head m oved 6.5 cm either 
side o f  the centre line (twice the interocular distance) at a rate o f  1 Hz, which was 
synchronised by a metronome.
Task: match probe on monitor to angle of surface
Monitor
F i g u r e  6 .3 .  I l l u s t r a t e s  t h e  p r o c e d u r e  f o r  t h e  t e x t u r e d  s u r f a c e  t a s k .  T h e  t a s k  is  b e i n g  p e r f o r m e d  
a t  1 5 0  c m  w i t h  t h e  r e g u l a r l y  p a t t e r n e d  s u r f a c e  ( t h e  p a t t e r n  is  d e n o t e d  b y  o p e n  c i r c le s  t h a t  
r e p r e s e n t  i l l u m i n a t e d  L E D s ) .  T h e  o b s e r v e r 's  t a s k  w a s  t o  u s e  a  k e y p a d  t o  a d j u s t  t h e  a n g le  
b e tw e e n  t w o  2 - d  l i n e s  o n  a  c o m p u t e r  m o n i t o r  t o  m a t c h  t h e  a n g le  o f  i n t e r s e c t i o n  o f  t h e  tw o  
p l a n e s  o f  t h e  h i n g e d  3 - d  s u r f a c e .  T h e  b l a c k  v e r t i c a l  l i n e s  r e p r e s e n t  t h e  a x i s  a r o u n d  w h i c h  th e  
s u r f a c e s  a r e  h in g e d  a t  e a c h  v i e w i n g  d i s ta n c e .
fe
6.4.1.3 Procedure
The observer’s task was to adjust the apex angle o f two com puter generated 2-d lines 
to match the intersection angle o f two 3-d reference surfaces, defined by a series o f
LEDs, hinged around a vertical axis and slanted in depth away from them  (see figure 
6.3). These 3-d surfaces intersected at one o f 5 angles selected at random (60°, 80°,
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90°, 100° or 120°) and contained either a regular or an irregular configuration o f LEDs. 
The apex angle o f  the lines could be adjusted (inwards and/or outwards) using the 
numeric keypad o f  a standard M acintosh keyboard. After completing each trial a
ft
screen was raised and a desk light switched on. This prevented the observer adapting 
to the dark significantly during the course o f  the experiment and allowed the 
experimenter to set up each trial.
Each observer completed 2 settings for the 5 surface angles and 2 texture patterns at 
each o f  the 3 viewing distances (150, 212 and 300 cms). These were all performed 
under 2 viewing conditions: (/) static binocular, and (it) monocular with head motion.
6.4.2 Results
Figure 6.4a-e presents the signed means, in degrees, o f  the nine observers’ settings for 
each surface angle (60°, 80°, 90°, i00° & 120°) with the error bars representing the 
standard error o f the mean. The dashed horizontal line indicates perfect, unbiased, 
performance. Table 6.2 shows the accuracy (mean setting error) and reliability (SD) of 
observers’ settings averaged across the five viewing distances expressed as a 
percentage of the veridical value. The data was analysed using a four way ANOVA 
with viewing distance, surface type (regular/irregular), depth cue condition 
(parallax/disparity) and surface angle as factors.
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V ie w in g  D is ta n c e  (c m )
F i g u r e  6 .4 .  P l o t s  o b s e r v e r s ’ m e a n  s e t t i n g s ,  i n  d e g r e e s ,  e x p r e s s e d  a s  a  f u n c t i o n  o f  v i e w in g  
d i s t a n c e .  E a c h  g r a p h  d e p i c t s  s e t t i n g s  f o r  a  d i f f e r e n t  s u r f a c e  a n g le :  ( a )  1 2 0 ° ,  ( b )  1 0 0 ° , ( c )  9 0 ° ,  
( d )  8 0 °  a n d  ( e )  6 0 ° .  T h e  s y m b o l s  r e p r e s e n t  t h e  f o l l o w i n g  c o n d i t i o n s :  b i n o c u l a r  v i e w i n g  o f  t h e  
r e g u l a r  p a t t e r n  ( • ) , b i n o c u l a r  v i e w i n g  o f  t h e  i r r e g u l a r  p a t t e r n  ( O ) ,  m o n o c u l a r  m o t i o n  v i e w i n g  
o f  t h e  r e g u la r  p a t t e r n  ( ■ )  a n d  m o n o c u l a r  m o t i o n  v i e w i n g  o f  t h e  i r r e g u l a r  p a t t e r n  ( □ ) .  T h e  
d a s h e d  h o r i z o n t a l  l in e s  i n d i c a t e  v e r id i c a l  p e r f o r m a n c e  a n d  t h e  e r r o r  b a r s  r e p r e s e n t  S E .
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Binocular Motion Parallax
R egular Irregular Regular Irregular
M ean SD M ean S D M ean S D M ean SD
120° 2.7 3.4 3.1 3.8 11.4 4.1 17.4 5.9oOOr—< 6 3.6 1.6 4.0 8.2 5.2 13.1 5
90° 4.7 4.5 11.5 4.2 5 4.1 11.2 4.6
80° 4.3 3.8 10.3 5.0 7.2 5 10.6 5.5
60° 4.3 5.4 12.3 5.8 3.8 5.6 8.7 5.4
T a b l e  6 . 2 .  G r o u p  ( n = 9 )  p e r f o r m a n c e  in d ic e s  a r e  s u m m a r i s e d  s e p a r a t e ly  f o r  t h e  r e g u la r  a n d  
i r r e g u l a r  r e f e r e n c e  t e x tu r e d  s u r f a c e s ,  v i e w i n g  c o n d i t i o n  a n d  s u r f a c e  a n g le .  T h e  v a lu e s  a re  
e x p r e s s e d  a s  p e r c e n t a g e s  o f  t h e  v e r id i c a l  s e t t in g .
The results in figure 6.4 show that in general observers’ settings were highly accurate
w ithin both the static binocular and monocular m otion conditions. There was no
significant difference between the observers’ m ean settings within these two depth cue
conditions (F i)8=3.565, p>0.05). Both figure 6.4 and the results in table 6.2 indicate
there was a tendency for observers 'to become less accurate and sensitive as the angle
o f the surface increased though there was no significant main effect o f  surface angle
(F4j32=1.567, p>0.05). Figure 6.4 shows that in general observers exhibited little bias
and were as accurate as their sensitivity limits perm itted (denoted by their SD scores
being considerably larger than then  mean setting error). There was a highly significant
interaction (F4>32=10.494, p<0.0001) betw een the depth cue condition and surface
angle. Table 6.2 indicates that was due to the much greater increase in the mean
setting error within the m otion conditions at oblique angles. Although the bias in the
settings increased as the surface approached fronto-parallel (180°) the depth o f the
surface (a minimum o f 13.5 arc m in 'o f equivalent disparity) at 120° was well above the
depth detection thresholds found earlier (see the nulling task - experiment 3.1).
Hence, the results are unlikely to be caused by a difficulty in m erely detecting depth
from the motion signal.
1 9 6
150 212 300 •
V i e w i n g  D i s t a n c e  ( c m )
F i g u r e  6 .5 .  T h e  ‘e s t i m a t e d ’ s c a l i n g  d i s t a n c e  a s  a  f u n c t i o n  o f  t h e  v i e w i n g  d i s t a n c e  ( a  c ,  e ,  g  
&  i) ,  a n d  th e  r a t i o  o f  t h e  ‘e s t i m a t e d ’ s c a l i n g  d i s t a n c e  t o  t h e  v i e w i n g  d i s t a n c e  ( b ,  d ,  f ,  h  &  j ) .  
T h e  s y m b o l s  r e p r e s e n t :  b i n o c u l a r l y  v i e w e d  r e g u l a r  p a t t e r n  ( • ) ,  b i n o c u l a r l y  v i e w e d  i r r e g u la r  
p a t t e r n  ( O ) ,  m o v i n g  m o n o c u l a r l y  v i e w e d  r e g u l a r  p a t t e r n  ( ■ )  a n d  m o v i n g  m o n o c u l a r l y  v ie w e d  
i r r e g u l a r  p a t t e r n  ( □ ) .  T h e  d a s h e d  l i n e s  i n d i c a t e  p e r f e c t  c o r r e s p o n d e n c e  b e tw e e n  e s t i m a t e d  a n d  
a c t u a l  v i e w i n g  d i s t a n c e .
The difference between observers’ settings for the two surface patterns was highly 
significant (F 1;8=27.814, pO .O O l). This can be seen in table 6.2 which indicates that 
in m ost (9 out o f 10 instances) instances the accuracy o f observers’ settings were 
greater for the regular surface pattern. This indicated that the texture cues only 
available w ithin the regular surface pattern (e.g. perspective) aided the recovery and 
calibration o f both binocular disparity and motion parallax information.
Although, there was no significant main effect o f *viewing distance (F2)i6= 0.674, 
p>0.05) the results were once again converted into ‘estimated scaling distances’ (see 
chapter 3). This allowed a more thorough quantification o f  the degree o f depth 
constancy exhibited by observers within the task. The converted results are plotted 
as (0  ‘viewing distance’ against ‘estimated scaling distance’ (figures 6.5a, c, e, g and i), 
and (n j the ratios o f  the ‘estimated scaling distance’ to the ‘viewing distance’ (figures 
6.5b, d, f, h a n d j) .
The results in figures 6.5a and 6.5b demonstrate that observers’ settings take changes 
in absolute distance into account. They exhibit almost perfect constancy (denoted by 
the flat lines in graphs 6.5b, d, f, h  & j) for this task* within the both o f the tested 
viewing conditions. They further confirmed that observers’ accuracy decreased as the 
size o f the surface intersection angle increased. The settings for the smallest surface 
angle are almost perfectly veridical whilst those for larger angles were increasingly 
underestim ated particularly on the basis o f m otion parallax (on average estimates o f 
the 120° angled surfaces are -90%  o f the veridical value).
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The results from the current experiment indicate that observers can demonstrate 
highly accurate estimates o f the angle o f intersection o f two planar surfaces on the 
basis o f  binocular disparity and m otion parallax information in combination with 
additional depth cues. The differences foimd in performance betw een the regular and 
irregular surface patterns show that observers benefit from specific texture cues (e.g. 
perspective and outline information). However, observers’ performance for the 
irregular surface was still highly accurate indicating an ability to benefit from other 
cues (e.g. texture cues, vertical disparities and/or accommodation) that are present 
within both surface types. Taken together the results further support the suggestion 
that the range o f  available cues determines the degree o f constancy which observers 
can demonstrate in a shape judgement task (Cutting & Vishton, 1995; Durgin et al, 
1995; Frisby et al, 1996). The identification o f the additional sources o f  information 
that aided the observers recover the surface shape and the extent to which their 
accurate performance reflects the derivation o f metric scene structure is considered in 
more detail within the general discussion below.
Observers' settings within the parallax condition were, in general, less accurate than 
for those in the disparity condition. However, there was no system atic difference in 
biases across the viewing distances in either condition, which would be expected on 
the basis o f mis-estim ated scaling parameters. This suggests that observers’ less 
accurate performance within the parallax condition may be attributable to a greater 
difficulty in precisely registering the magnitude o f retinal m otion compared to
6.4.3 D iscussion  . .
in the estim ation o f  surface angle on the basis o f parallax information can be well
described by a Bayesian model that assumed the existence o f  noise in the
measurem ent o f early motion. Their model predicts that observers would»
demonstrate greatest accuracy for surfaces around a 90° angle. Although, this was not
evident within the current experiment the accuracy o f settings w ithin all conditions 
was extremely high and it is likely, therefore, that performance was at a ceiling.
6.5 G eneral D iscussion
Both o f  the experiments within this chapter showed that the range o f  available cues 
can have a major effect upon the degree o f accuracy observers dem onstrated in depth 
assessm ent tasks (Cutting & Vishton, 1995; Durgin e( al, 1995; Frisby et al, 1996). 
This may be due to the additional information allowing observers to more accurately 
recover scaling param eters to calibrate disparities and/or m otion information thus 
deriving an unbiased Euclidean representation, or a more accurate approxim ation to an 
Euclidean representation. However, the finding o f the earlier experiments (see 
chapters 3-4) which showed that observers switched strategies on the basis o f the 
available information raises another possibility. In an environm ent with a large 
num bers o f available cues observers m ay be able to access a range o f  strategies that 
enable them to derive a number o f different representations that could allow them  to 
perform  tasks effectively w ithout resorting to a frill metric representation. A 
consideration o f the nature o f the information available within the two tasks suggests
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binocular disparities. Hogorvorst and Eagle (1999) have previously argued that errors
that this latter possibility is the m ost parsimonious interpretation for the extremely 
accurate performance in the textured surface task.
Observers’ settings within the textured surface task indicated they experienced no
system atic bias in their perception o f  the shape in either static binocular or monocular
m otion viewing conditions. There are two possible explanations for this finding
within both viewing conditions: (i) observers might have accurately recovered the
appropriate scaling param eters using the additional cues to absolute distance or (if)
»
they may have combined slant information gained from monocular texture cues w ith 
information from disparities, or relative m otion (either by averaging estimates from 
separate depth modules or by using m ultiple sources o f information to constrain the 
possible interpretations). Additionally in the motion condition UllmaiTs (1979) 
suggestion for estimating shape from the rotational component o f  m otion was also 
possible.
Theoretically there are only three available sources o f distance information available 
w ithin this experiment: (i) accommodation, (ii) vergence and (iii) vertical disparities. 
However, all o f  these, and other distance, cues were available in experiment 6.1 (the 
illuminated structured environm ent,task) but observers could not complete that task 
w ithout bias. Additionally, the utility o f these cues would have remained constant 
across all surface angles and for both surface patterns. Therefore, a reliance on these 
information sources would predict no difference between the two types o f surface. 
The difference between the two patterns was, however, highly significant. This 
would suggest that these absolute distance cues were not the information sources that 
allowed observers to perform  so accurately for the regular surface pattern.
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Another possibility is that slant estimates were made separately on the basis o f the
ft
perspective information and the disparity/m otion information and then averaged 
together, which is the type o f interaction predicted by Landy et als’ (1995) modified 
weak fusion model. This seems less likely as unbiased performance would require the 
independent unbiased recovery o f slant for each cue. Experiment 6.1 demonstrated 
that even with a greater range o f distance information available disparity based depth 
estimates were biased.
The difference in accuracy for the two surface patterns also suggested that observers 
completed this task by using an estimate of surface slant gained from  monocular 
information, or via Ullm an’s suggestion in the motion condition. As noted in section 
6.3, the most effective cues to slant available on a textured surface are linear 
perspective and compression (Gillam, 1968; Cumming et al, 1993). The compression 
cue remained the same for the irregular surface pattern (as the elements themselves 
were constant) but linear perspective was diminished as groups of surface elements no 
longer formed parallel lines. Therefore, it seems likely that observers used linear 
perspective information to estimate surface slant and constrain the interpretation of 
disparities and motion information. This argument is analogous to Richards (1985) 
suggestion for gaining surface slant from the acceleration component of the motion 
flow field. It also suggests that observers did not need to derive a metric representation 
to complete the task. Furthermore, the differences between the regular and irregular 
surfaces in the motion condition indicate that texture information was also employed in 
that condition rather than U llm an’s proposal. The rotational component of the object
ft
motion should have been equally effective for the two surface types.
Frisby and Buckley (1993) have reported results that confirm surface perspective 
information effects the interpretation of disparity information. They examined the 
perception of textured stereoscopically viewed parabolic ridges when stereo and texture 
information conflicted and reported findings consistent with those for the structured
surface task. For physical surfaces, their experiments showed that although stereo 
cues dominated in the interpretation of depth observers’ judgements were still affected 
by the slant specified by the texture cues.
In contrast to the textured surface task the results o f the illuminated structured 
environment task were consistent with the use o f absolute distance information to 
calibrate disparity information. O bservers’ depth settings dem onstrated a bias that 
varied system atically across the five viewing distances, unlike the textured surface 
task where no effect o f  viewing distance was found. These results provide further 
evidence for Foley’s (1980) suggestion that failures in stereoscopic constancy are due 
to a mis-estim ation o f  viewing distance. Furthermore, they dem onstrate that such 
failures o f  constancy are not a merely product o f  isolated stereoscopic viewing 
conditions (Durgin et al, 1995) nor can they be entirely explained by conflicting 
distance or depth information specified by accommodation cues (Frisby et al, 1996).
In summary, the results o f the two experiments are consistent w ith the increasing 
evidence that the visual system  cannot compute a full Euclidean representation o f 
spatial relationships (Gilinsky, 1951; Gogel, 1960; Wagner, 1985; Toye, 1986; 
Johnston, 1991; Loomis et al, 1992; Tittle et al, 1995; Glennerster et al, 1996; 
Norm an et al, 1996). They show that the range o f available information sources 
affects the accuracy o f observers’ judgements o f  depth. However, they also show 
that system atic m is-perceptions o f depth do occur in environments in which a large 
range o f  depth cues are present (the illuminated environment task). Furthermore, 
they confirm the results o f chapters 3 and 4 that the visual system  has a range o f 
potential strategies available for completing tasks accurately, which is consistent w ith
2 0 2
the existence o f a hierarchy o f geometrical representations o f visual space (Tittle et al, 
1995).
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The experiments in the thesis examined the derivation o f the depth structure o f  a 
visual scene on the basis o f binocular disparity and motion parallax information. 
They addressed a number o f theoretical issues that are all broadly linked by the theme 
o f the underlying representations that the visual system can derive on the basis o f 
these information sources (alone and in combination). A  prim ary question was the 
extent to which the visual system  is capable o f deriving a m etric (Euclidean) 
representation o f the depth structure o f  a visual scene. There was no evidence w ithin 
any o f the studies that disparity and parallax cues allowed the visual system to derive 
such a representation either in isolation from other cues (experiments 3.2, 4.2 and 5) 
or when supplemented with a range o f  pictorial information (experim ent 6.1). For all 
o f  the tested tasks that required a m etric representation observers’ estimates o f depth 
were system atically biased. A finding that supports previous studies which argued 
that departures from constancy for disparity and motion defined depth intervals are 
caused by a system atic m is-estim ation o f the requisite scaling param eters (e.g. Foley, 
1980; Johnston, 1991; Norm an et al, 1996).
The experiments still leave open the possibility that under certain circumstances the 
visual system m ay be capable o f deriving a metric representation. It is, o f  course, 
logically impossible to prove that the visual system never derives a metric 
representation as any num ber o f negative findings do not preclude the existence o f  a 
situation in which such a representation is utilised. However, they contribute to the 
m ounting body o f empirical evidence that the visual system does not compute such a
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representation o f spatial relationships (Gilinsky, 1951; Gogel, 1960; W agner, 1985; 
Toye, 1986; Johnston, 1991; Loomis et al, 1992; Tittle et al, 1995; Glennerster et al, 
1996; Norm an et al, 1996).
The experiments examined a num ber o f factors that affected observers’ performance 
in depth assessment tasks and concluded that it was determined, in part, by the 
demands o f the perceptual task and the nature o f the available depth information. In 
viewing environments where observers could not perform a m etric task they were 
found to be able to perform  depth nulling tasks (experiments 3.1 and 4.1) and depth 
m atching tasks (experiments 3.3 and 4.3) w ith no systematic bias on the basis o f  both 
disparity and parallax. These results demonstrated that the visual system  is capable o f 
using a variety o f strategies to complete depth assessment tasks depending on the 
demands o f the task and the available information (Glennerster et al, 1996).
The experiments also indicated the visual system assessed the reliability o f  individual 
inform ation sources when determining the optimal strategy for completing a task. A  
comparison o f the direct viewing (chapter 3) and telepresence experiments (chapter 4) 
suggested that when the relationship between different sources o f information 
changed the visual system could switch strategies. There was little interaction 
between disparity and parallax information in the direct viewing experiments but 
when observers performed a similar group o f tasks viewed using a HM D the 
combined cue condition was consistently m ost accurate and reliable, which was 
attributed to the decrease in reliability o f the disparity cue relative to the m otion cue. 
These results leave open to further investigation the range o f different strategies that 
the visual system can utilise, and the circumstances under which they become 
available. The experiments w ithin the thesis have shown that that one way o f 
assessing which o f these strategies are used is by examining the limits o f the different
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geometric representations that they produce. Tittle et al (1996) pointed out that any 
geometric transform ation o f an image leaves certain properties relating points in space 
unchanged and that geometries can be categorised into a hierarchy based upon the 
properties that they specify. Therefore, it is possible to determine i f  a particular 
representation is used by establishing that observers can accurately perform  tasks that 
assess the different properties it specifies and by showing they cannot perform  tasks 
that require properties that it does not specify.
The thesis specifically examined two potential strategies that the visual system m ight 
use to derive depth structure w hen scaling parameters cannot be reliably estimated: (i) 
Ullm an's (1979) theorem to recover the 3-d shape up to an isotropic size scaling from 
the rotation o f the stimuli configuration relative to the observer and (if) Richards' 
(1985) suggestion that m otion and disparity information can be combined to constrain 
the possible interpretations o f depth structure in a visual scene. The size and depth 
task (experim ent 5) was the only task in the thesis where the results were potentially 
consistent with Ullman's theorem, i.e. observers correctly estimated the size-depth 
ratio in the motion-only condition but not in  the disparity-only condition. However, 
observers exhibited extremely good size constancy across the five viewing distances, 
which is not predicted by the theorem, and they did not appear to use U llm an’s 
theorem  in the shape task (experim ent 3.2), which was very sim ilar to the size and 
depth task. These results suggested that within the experimental viewing conditions 
observers could only recover the size-depth ratio when inform ation in addition to the 
rotation o f the stimulus was available1. One possibility is that the additional 
inform ation allowed observers to more reliably assess the rotation o f the stimulus.
1 A  p o t e n t i a l  s o u r c e  o f  a d d i t i o n a l  i n f o r m a t i o n  a v a i l a b l e  in  t h e  s i z e  a n d  d e p t h  t a s k ,  b u t  n o t  t h e  s h a p e  
t a s k ,  w a s  t h e  c o n s t a n t  r a t e  a n d  e x t e n t  o f  m o v e m e n t  o f  t h e  b a s e  l i g h t s ,  w h i c h  c o u l d  p r o v i d e  a n  
i n d i c a t i o n  o f  t h e  v i e w i n g  d i s t a n c e .
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This suggestion is supported by the lower SDs in all o f  the 'depth cue' conditions o f 
the size and depth task compared to both the shape and m atching tasks (experim ent
3.2 and 3.3).
Although there was evidence in a num ber o f  the experiments for interactions between 
disparity and m otion information (discussed in more detail below) none o f  the 
findings were consistent w ith Richards' suggestion. Therefore, it was concluded that 
the visual system could not use his proposal within these experimental viewing 
conditions to accurately recover shape. Interestingly, there was evidence within the 
patterned surface task (experiment 6.2) that the visual system did combine estimates 
o f slant gained from linear perspective and/or surface outline inform ation with both 
disparity and m otion information. This implies that merely because a certain 
com bination o f cues can be used to derive a specific geometric representation it is not 
necessarily available from another combination o f cues even w hen they, theoretically, 
specify qualitatively similar' information about depth structure.
These findings open the possibility that accurate performance within an environm ent 
where a range o f information sources are available is due to the visual system having 
access to a greater range o f strategies rather than being able to compute a m etric 
representation, or a more accurate approximation to a metric representation. In 
lim ited cue viewing environments (like those employed in  chapters 3-5) the range o f 
potential cue interactions are greatly constrained and performance can be attributed 
with little ambiguity to specific information sources, providing that sufficient care is 
taken to control extraneous variables. For this reason considerable emphasis in the 
current thesis was placed upon observers' inability to perform  the tasks in static 
m onocular conditions as theoretically few, i f  any, cues should have rem ained 
available. Therefore, this condition provides a way o f establishing that residual
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information sources have been minimised. For example, the results o f pilot studies 
showed that observers could make considerable use o f auditory cues in m onocular 
conditions and that their accuracy decreased dramatically once they wore ear 
defenders. In addition, the extremely accurate performance o f observers in all o f  the 
static m onocular conditions in Frisby et als' (1996) experiments questioned the degree 
to which residual cues had been successfully controlled and hence their interpretation 
o f  the findings.
In experimental environments w ith m ultiple cues available it is far more difficult to 
identify the strategies that the visual system uses as the increased range o f inform ation 
sources introduces a far greater num ber o f  potential interactions. However, the results 
o f the experiments in the thesis demonstrated that it is possible to draw conclusions 
about the nature o f the representations employed by the visual system in a multiple- 
cue environment. This was achieved by examining the lim its o f the information 
sources across different viewing conditions and tasks. For example, it was argued 
that the extremely accurate performance within the textured surface task (experim ent
6.2) was not due to a more accurate estimation o f distance being used to derive a 
m etric representation o f scene structure. This was because the cues to distance (e.g. 
accom modation and vertical disparities) available within this task were insufficient to 
support the unbiased recovery o f  distance within the illuminated structured 
environm ent task (experiment 6.1) even when supplemented with additional 
information. However, although the increased accuracy within the latter task shows 
that the range o f  additional cues effected observers’ percept o f  depth it was not 
possible to specifically quantify the impact o f specific information sources.
This difficulty was largely due to the problem  o f independently controlling and 
manipulating a range o f  information sources in real multiple cue environments. This
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problem  can be partially obviated by the use o f computer simulated stimuli, which 
allow a greater control over the m agnitude o f  cues used to specify the stimuli. 
However, the traditional approach o f  viewing the stimuli on the m onitor in the 
laboratory still leaves a large num ber o f cues in the physical environm ent that are 
difficult to vary incrementally. Landy et al (1995) have argued that if  the visual 
system  assesses the reliability o f  cues (as the experiments in the thesis suggest) then it 
will tend to discount hugely discrepant cues, especially in m ultiple-cue environments 
where there are a large num ber o f  information sources signalling different depth. 
They argued that an appropriate way to assess the effect o f cues is to quantify the 
impact o f  very small changes, which they term ed perturbation analysis. One way to 
allow the experimenter such a fine degree o f control over more o f  the information 
sources within the environment is the use o f  telepresence, virtual reality or augmented 
reality (which combine real and virtual information) systems viewed through a head 
m ounted display. These systems potentially allow experimenters to more easily 
assess the effects o f co-varying large num bers o f cues rather than isolating a lim ited 
num ber o f cues (as w ithin the traditional approach psychophysics). A  possible 
criticism  o f the use o f these systems, shown by the experiments in chapter 4, is that 
the specific relationships between sources o f  information may differ from real world 
situations. However, those experiments demonstrated that it is still possible to derive 
insights into the mechanisms that the visual system uses for. processing depth 
information. Furthermore, traditional lim ited cue experimental viewing conditions 
are also artificial and can produce results different from real world viewing.
The experiments in the thesis also examined the nature o f the interactions that occur 
betw een m otion parallax and binocular disparity information. The results o f  the 
com bined cue condition in the size and depth task (experiment 5) were consistent w ith
209
the weighted averaging o f  depth information that is predicted by Landy et als’ (1995) 
m odified weak fusion model. Furthermore, Landy et als ’ m odel also predicts that the 
visual system would assess the reliability o f different information sources to 
determine how to combine them , i.e. by weighted averaging (see earlier). 
Nonetheless, neither o f  these interactions are precluded by strong fusion models and a 
num ber o f the interactions found cannot be accoimted for by Landy et als ’ m odel in 
its current form. The combined cue condition o f the telepresence depth nulling task 
(experim ent 4.1) showed an improvement in sensitivity that was greater than could be 
expected on the basis o f  linear probability summ ation o f independent depth estimates 
from the two sources o f information (Bradshaw and Rogers, 1996). The results were, 
therefore, consistent w ith  an early non-linear combination o f  the two inform ation 
sources prior to estimation o f depth, suggested by Bradshaw and Rogers (1996), 
rather than the m odularization predicted by Landy et als * model. Additionally, the 
extremely accurate performance within the textured surface task (experim ent 6.2) was 
consistent with the use o f perspective information to estimate surface slant, and so 
constrain the interpretation o f  the parallax and disparity information.
Additionally, some suggestions for the potential reasons for the early combination o f  
disparity and parallax information were generated by the results o f  the experiments in 
chapter 2. These examined observers’ perception o f depth for sinusoidal surfaces at a 
variety o f orientation and corrugation frequencies. The results suggested the visual 
system  has a differential sensitivity to specific components o f the geometric 
transform ations generated between retinal images in the disparity and m otion 
domains, e.g. there appeared to be a greater sensitivity to compression inform ation 
w ithin the m otion domain. This suggested that the non-linear interactions o f m otion 
and disparity w ithin the early stages o f visual processing proposed by Rogers and
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Bradshaw (1996) could be due to the visual system combining the m ost sensitive 
prim itive information source from each dom ain to derive depth structure, or even 
interactions and threshold summ ation between these prim itive information sources. 
These suggestions rem ain open to further empirical investigation (see chapter 2 - for a 
further discussion).
A further aim o f  the current experiments was to assess whether departures from  depth 
constancy on the basis o f  disparity and parallax information reported w ithin many 
previous experiments (e.g. Johnson, 1991; Todd & Bressan, 1990; Tittle et al, 1995; 
Glennerster et al, 1996; Norm an et al, 1996) could be explained by conflicting depth 
information signalled by accommodation in computer generated displays (Buckley & 
Frisby, 1993; Frisby et al, 1995a, 1996; Brennand et al, 1998). The experiments 
demonstrated that observers experienced systematic distortions o f perceived depth 
w hen viewing physical stimuli (in which the depth information signalled by 
accom modation should be consistent w ith that specified by the other available cues). 
Deviations from constancy were shown to occur when observers viewed stimuli in a 
well-illum inated environm ent with a range o f consistent distance and depth cues 
available (experiment 6.1). Therefore, conflicting depth inform ation specified by 
accom modation does not provide a sufficient explanation within itse lf for failures o f  
depth constancy in previous studies (e.g. Todd & Bressan, 1990; Johnson, 1991; Tittle 
et al, 1995; Glennerster et al, 1996; Norm an et al, 1996).
Furthermore, it is possible to discount Buckley and Frisby’s (1993) suggestion that 
deviations from constancy are due to the absence o f accom modative blur w ithin 
computer simulated stimuli. The combinations o f stimulus depth and viewing 
distances used w ithin the current experiments were outside the range which the 
hum an eye could distinguish such blur information (Mather, 1996, 1997). As a
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consequence, the experiments demonstrated that both large departures from constancy 
(experiments 3.2, 4.2 and 5) and extremely accurate performance (experim ent 6.2) 
occurred in situations in  where the visual system  could not rely upon relative blur. 
However, the results o f some o f  the experiments were consistent with variations in the 
absolute state o f accom modation contributing to the m agnitude o f observers’ biases 
within depth perception experiments (Brennand et al, 1998). The largest distortions 
in perceived depth occurred in the dark viewing environment (experim ent 3.2) and 
telepresence experiments (experiment 4.2), where it is likely that the observers’ 
accom modative state resulted in very large conflicts w ith other depth cues. In the real 
world dark viewing experiments isolated light sources w ould be a poor 
accom modative stimuli so it is likely that accommodation would have lay in its 
resting state (Liebowitz & Owens, 1975; Owens & Leibowitz, 1980). Brennand et al 
(1998) have demonstrated that there is a correlation between the distance specified by 
the resting state o f  accommodation and observers’ estimates o f depth in a dark 
viewing environment. However, it is not possible to quantify the degree to which this 
effected the observers' depth settings in these experiments for two reasons: (zj the 
observers' accommodative resting state could not be m easured for technical reasons 
(i.e. equipm ent availability) and (zzj there is such a large inter-observer variation in 
the position o f  accommodative resting state that an average figure cannot reasonably 
be used for a sample size o f  four.
The quantification effects o f accom modation upon estimates o f depth on the basis o f  
disparity and parallax information remains a major question for further research. 
However, a precise answer will almost certainly require the m anipulation and 
m easurem ent o f the observers’ accommodative state along with these other sources o f 
information. In order to manipulate dynamically accommodative inform ation in a
2 1 2
sim ulated display it w ould be necessary to alter the degree o f blur across an image 
depending upon the viewing distance to the observers’ point o f fixation, the size o f 
their pupil and their current accommodative state. The technical difficulties within 
such an undertaking at least partially explain why this question has not been 
addressed previously.
In  summary, the experiments have shown that under a range o f view ing conditions the 
visual system cannot derive a metric (Euclidean) representation o f  space on the basis 
o f  disparity and/or m otion information. However, the visual system  can derive and 
m ake use o f  a range o f representations depending on the inform ation available within 
the viewing environm ent and the demands o f the task. These m ay enable it to 
complete tasks accurately w ithout recourse to a metric representation. Furthermore, 
the visual system  seems to be able to combine different inform ation sources in  a 
variety o f  ways and to switch strategies depending on its assessment o f the reliability 
o f specific inform ation sources. W hen combining information from disparity and 
m otion it appears to do so in the early stages o f  processing, which is m ost consistent 
w ith a strong fusion m odel o f cue integration. This may be a result o f  differences in 
sensitivity to the various components o f  the geometric transform ations generated 
between retinal images w ithin the disparity and motion domains.
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